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Traffic is a significant force at play on turfgrasses, especially on sports fields and 
golf courses. Previous studies have characterized the effect of traffic in the morning at 
0700 HR and 0900 HR on golf course greens when the turfgrass canopy temperature is 
below freezing (0◦C) (Baldwin et al., 2008). This study was performed to determine the 
effect, if any, of traffic at 0800 HR on a ‘Crenshaw’ creeping bentgrass (Agrostis 
stolonifera L.) putting green when the turfgrass canopy temperature was below freezing. 
The study was also initiated to determine if afternoon traffic at 0300 HR on the same day 
as the morning traffic had an impact on the turfgrass playability, performance, and health. 
In addition, potassium (K) is a required plant nutrient that is often applied to 
turfgrasses, especially creeping bentgrass, in order to help the plant tolerate stresses. It 
has been suggested that fall K fertilization can aid in creeping bentgrass winter traffic 
tolerance, but research on the subject is limited and inconsistent. This experiment was 
also conducted to investigate the performance of creeping bentgrass under varying K 
fertilization levels in conjunction with different morning and afternoon traffic levels 
when the turfgrass was grown in the transition zone of the southeastern United States. 
A two year repeated field experiment was conducted from 1 October 2014 and 
2015 to 30 April 2015 and 2016 to investigate the effect fall-applied supplemental K 
fertilization, morning traffic (when the turfgrass canopy temperature was below freezing), 
and afternoon traffic (applied the same day as the morning traffic) had on visual turfgrass 
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quality, shoot chlorophyll , normalized difference vegetative index (NDVI), ball roll, 
surface firmness, soil volumetric water content, soil bulk density, soil organic matter 
levels, soil K concentration, and tissue K concentration of ‘Crenshaw’ creeping 
bentgrass. Treatments consisted of three supplemental K rates (0, 3.66, and 7.33 g m-2 yr -
1), three morning traffic rates (0, 4, and 8 passes with a modified water-filled push 
turfgrass roller that weighed 74.84 kg and applied a force of 1.34 kg cm-2), and two 
afternoon traffic rates (0 and 6 passes with the same roller).  
There were no significant differences between the visual turfgrass quality ratings 
for the two repeated years that the study was performed, so the results are pooled between 
both years. Visual turfgrass quality was significantly lower for plots that received 4 
passes with the roller in the morning when compared to plots that received 0 passes with 
the roller in the morning on 15 January, 01 February, 15 February, 01 March, and 15 
March. Visual turfgrass quality was also significantly lower for plots that received 8 
passes with the roller in the morning when compared to plots that received 0 passes with 
the roller in the morning on 15 January, 01 February, 15 February, 01 March, and 15 
March. Additionally, turfgrass quality was significantly lower for plots that received 8 
passes with the roller in the morning when compared to plots that received 4 passes with 
the roller in the morning on 15 February and 01 March.  
There were no significant differences between the shoot chlorophyll indexes for 
the two years that the study was performed, so the results are pooled between both years. 
Shoot chlorophyll index was significantly lower for plots that received 0 passes with the 
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roller in the afternoon when compared to plots that received 6 passes with the roller in the 
afternoon on 01 April and 15 April. 
As with visual turfgrass quality and shoot chlorophyll index, there was not a 
significant difference between the NDVI readings for each year of the study, so the 
results are pooled from both years’ data. NDVI was significantly lower for plots that 
received 4 passes with the roller in the morning when compared to plots that received 0 
passes with the roller in the morning on 15 January, 01 February, 15 February, 01 March, 
and 15 March. NDVI was also significantly lower for plots that received 8 passes with 
the roller in the morning when compared to treatments that received 0 passes with the 
roller in the morning on 15 January, 01 February, 15 February, 01 March, and 15 March. 
Additionally, NDVI was significantly lower for plots that received 8 passes with the 
roller in the morning when compared to plots that received 4 passes with the roller in the 
morning on 15 February. 
Like the other parameters, there were no significant differences between the ball 
roll for the two years that the study was performed, so the results are pooled between 
years I and II. Ball roll was greater during the colder months with the least amount of 
turfgrass tissue growth, and this trend was demonstrated at all treatment levels. On 15 
January and 15 February, ball roll was higher for plots that received 0 passes with the 
roller in the morning and 6 passes with the roller in the afternoon when compared to plots 
that received 0 passes with the roller in the morning and 0 passes with the roller in the 
afternoon. Additionally, ball roll was significantly lower for plots that received 0 passes 
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with the roller in the morning and 0 passes with the roller in the afternoon when 
compared to plots that received either 4 or 8 passes with the roller in the morning and 0 
passes with the roller in the morning on the same dates. 
Again, there were no significant differences in surface firmness readings between 
the two years of the study, but for the pooled data from years I and II, surface firmness 
was significantly greater for plots that received 8 passes with the roller in the morning 
when compared to plots that received 0 passes with the roller in the morning on 15 
February. 
Overall, traffic treatments, especially those applied in the morning at 0800 HR, 
had a significant impact on creeping bentgrass health and appearance. Supplemental K 
did not show any significant effect on turfgrass health. Even with the damage that 
occurred in the colder winter months, the turfgrass had recovered to acceptable quality by 
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 Golf courses play a critical role in the economy throughout the United States. 
Additionally, a significant portion of total golf course play occurs in or below the 
transition zone, a region in the southeastern United States in which both cool and warm-
season grasses can be successfully grown. Since the widespread establishment of golf 
courses in this region, creeping bentgrass has remained one of the more desirable 
turfgrass species for golf course putting greens due to its ability to retain green color 
throughout the year, providing an optimal playing surface for golfers. In order to best 
maintain this desirable playing surface, golf course superintendents are forced to 
implement proper agronomic practices at all times but especially in periods of stress for 
the turfgrass. Cool-season grasses established as golf course putting greens shine in the 
winter season as they maintain color and continue growth where warm-season grasses 
enter dormancy. Although creeping bentgrass possesses the ability to continue growing 
throughout the winter months, the time is not without great stress and opposition to 
growth for the turfgrass. The cold weather slows plant growth, and freezing temperatures 
coupled with frost cover can be especially harsh on creeping bentgrass. Stress and 
damage is compounded even further when traffic is allowed to occur on the turfgrass 
surface. 
 Previous studies have shown the impact of winter traffic on a frost-covered 
creeping bentgrass putting green at 0700 and 0900 HR when the canopy temperature was 
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at or below 0◦C (Baldwin et al., 2008), but there is no published data documenting the 
effects of winter traffic applied on creeping bentgrass with a below-freezing canopy 
temperature at 0800 HR in the transition zone. 
 Additionally, while K may not have as significant of an impact on turfgrass color 
or growth as nutrients like nitrogen (N), it plays a role in mitigating abiotic stresses 
related to traffic and temperature extremes (Carrow et al., 2001). It has been suggested 
that fall applications of supplemental K may help creeping bentgrass maintain superior 
playability and performance when subjected to winter traffic, but the idea has not been 
fully researched. 
The objectives of this thesis study at Clemson, South Carolina were: 
1. To investigate the effect of traffic applied at 0800 HR on a creeping 
bentgrass putting green when the turfgrass canopy temperature was below 
0◦C. 
2. To study the effect of traffic applied at 1500 HR on the same creeping 
bentgrass putting green on the same day that traffic at 0800 HR (when the 
turfgrass canopy temperature was below 0◦C) was applied. 
3. To evaluate the effect of fall applied supplemental K fertilization on the 











Creeping bentgrass, while desirable for its year-round color and playability, faces 
difficulties in the transition zone. During the summer months, it declines and becomes 
less competitive with pathogens, moss, algae, weeds, and other turfgrass species. This 
decline results from multiple factors including rising soil and air temperatures, extremes 
in soil moisture, excessive thatch accumulation, shade, physical stresses, incorrect 
management practices, incorrect use of chemicals (fertilizers, pesticides, fungicides, etc.), 
and turfgrass pathogens. It is difficult to identify the responsible factors for summer 
decline because there is rarely just one (Dernoeden, 2013).  
In the summer, multiple major turfgrass diseases pose a threat to creeping 
bentgrass, including dollar spot (Sclerotinia homeocarpa), Pythium blight (Pythium ssp.), 
brown patch (Rhizoctonia solani), anthracnose (Colletotrichum graminicola), and 
Pythium root rot or root dysfunction (Pythium spp.) (Dernoeden, 2013). 
Abiotic stresses on the turfgrass can also result in a less than appealing 
appearance. Such factors include high temperatures, overly wet or anaerobic soil, direct 
kill resulting from high temperatures or scalding, wet wilting, shade, and drought. 
Generally, bentgrass greens are damaged more by excessive soil moisture than by 
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disease. Abiotic stresses open the turfgrass up for aggressive activity from diseases. For 
example, diseases, such as anthracnose, are more severe and damaging on turfgrass with 
a low N input in conjunction with a low mowing height, mechanical injury, or compacted 
soil (Dernoeden, 2013). 
Turfgrass drought stress is a common ailment on bentgrass, causing the turfgrass 
to develop a purplish-blue color that can fade to brown if not treated. This stress can be 
reduced through syringing, the application of adequate amounts water to wet the leaves 
but not enough to wet the underlying soil. The water evaporates from the leaves, lowering 
their temperatures and allowing the stomates to open (Dernoeden, 2013). 
While creeping bentgrass in the transition zone may face many hardships during 
the summer months, it remains desirable for its ability to survive freezing temperatures 
and maintain its color and quality surface during the cooler months.  When compared to 
other popular cool-season turfgrasses, creeping bentgrass is superior in terms of freezing 
tolerance. Of the common cool-season grass species, perennial ryegrass (Lollium perenne 
L.) has the highest killing temperature (-5 to -15◦C), followed by Kentucky bluegrass 
(Poa pratensis L.) (-21 to -30◦C) and creeping bentgrass (below -30◦C) (Hoffman et al., 
2010b). 
Traffic 
For hundreds of years, turfgrasses have been utilized in sports, recreation, and 
other activities by humans due to their durability under traffic and their limitation of 
shearing, tearing, and ground compaction forces (Murphy and Ebdon, 2013). Although 
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turfgrasses are more durable when subjected to traffic than other plants, turfgrass species 
vary in their individual tolerances to traffic stresses (wear, compaction, turfgrass 
removal/divots, and soil displacement/rutting) (Beard, 1973). Many factors affect the 
durability of turfgrasses under traffic stresses including the turfgrass species and cultivar, 
timing and type of traffic, root-zone composition and construction type, soil moisture 
levels, recovery time (due to turfgrass species and cultivar, fertility, season or 
temperature, etc.), and maintenance regiments. A study performed by Baldwin et al. 
(2008) found that the type of traffic (mower versus foot) and time (0700 versus 0900 HR) 
of traffic treatments when the creeping bentgrass canopy had a temperature lower than 
0◦C had a significant effect on turfgrass quality. Indeed, traffic in the form of vehicles or 
human foot traffic, can be extremely damaging to turfgrass when temperatures are below 
freezing, resulting in injury or even death to the crowns (McCarty, 2011). Cold stresses 
on turfgrasses will be further discussed in the following sections. 
Traffic inevitably causes turfgrass stands to lose quality. It can negatively affect 
the turfgrass in two ways: soil compaction or wear damage (Carroll and Petrovic, 1991; 
Dowgiewicz et al, 2011; Samaranayake et al., 2008). The widespread use of sand-based 
root zone mixes for putting greens has minimized the effects of compaction, but wear 
from traffic still causes problems, especially in extreme temperatures with low mowing 
heights (Dowgiewicz et al, 2011; Young et al., 2010), and these problems can be even 
more significant when the wear is on turfgrass with a canopy temperature below freezing. 
Wear injury on turfgrass shoots is characterized by crushing, tearing, stripping, or 
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abrasion of the leaf tissue which results in a degradation of chlorophyll and subsequent 
photosynthesis reduction (Kim and Kim, 2012; Kowalewski et al., 2013). 
 The prevailing theory among researchers is that wear is the primary form of 
traffic related injury on sandy soils or soils that have water contents below field capacity. 
Conversely, soil compaction may be the primary form of traffic injury on finer textured 
soils with higher water contents when heavy loads are applied (Carrow and Petrovic, 
1992). Because traffic stress most often occurs on closely mowed turfgrass stands on 
sand based root zones, it is reasonable to conclude that wear rather than compaction is the 
primary cause of the majority of the stress. Indeed, wear had a greater effect than 
compaction from rolling on creeping bentgrass on sandy soils in studies performed by 
Cashel et al. (2005) and Samaranayake et al. (2008). In addition, a study performed by 
Dest et al. (2009) identified wear stress as the most important influence on turfgrass 
quality and that compaction was not important on sand-based or silt loam root zones. The 
cushioning effect of surface organic matter is a likely reason for the low importance of 
compaction in various studies (Murphy and Ebdon, 2013). 
 Since the 1960’s, various instruments, devices, and machines have been used to 
apply a combination of wear and compaction treatments on turfgrasses. One of the more 
common simulators is the differential slip (D.S.1) machine (Canaway, 1976). 
Additionally, the Brinkman traffic simulator (BTS) has been commonly used 
(Cockerham and Brinkman, 1989). Other devices that simulate both wear and compaction 
include the Georgia Soil Compaction Wear (GA-SCW) traffic simulator, the Nebraska 
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Soil Compaction Wear (NE-SCW) traffic simulator, and the Cady traffic simulator (CTS) 
(Carrow et al., 2001; Shearman et al., 2001; Henderson et al., 2005).  Regardless of the 
device implemented, wear and compaction forces are the forces applied to simulate 
differing amounts of traffic. 
 Simulators that are designed to only implement wear stress also exist. Early traffic 
studies implemented lightweight wheeled/sled devices that were rolled or moved over the 
turfgrass to simulate wear stress (Youngner, 1961; Shearman et al., 1974). Other 
researchers have modified these and other designs to better suit individual studies in 
which the desired traffic stress was wear (Canaway, 1982; Meyer et al., 1997; Bonos et 
al., 2001; Shearman et al, 2001). Although it was not the intended result, some devices 
imparted slight compaction effects to the soil in addition to the wear on the turfgrass, 
though the compaction had little effect on the final results of the studies (Cashel et al., 
2005; Samaranayake et al., 2008). 
 Measuring a turfgrass stand’s response to varying treatments can be done by 
multiple methods. Turfgrass density and coverage are often determined by a visual 
estimation by a trained or experienced evaluator (Murphy and Ebdon, 2013). Another 
method involves the use of a reflectance radio meter to measure ground cover. The 
reflectance ratio is greater with higher ground cover and greenness of turfgrass leaf 
tissue. A higher reading usually indicates a healthier turfgrass with better coverage 
(Gibbs et al., 1993; Gooding and Newell, 1991). A study performed by Trenholm et al. 
(1999a) reported that multispectral radiometric data were closely related to visual 
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turfgrass quality ratings, shoot density, and injury ratings from applied wear treatments. 
Additionally, digital image analysis programs have been used to measure turfgrass 
recovery from injury (specifically from divots) (Richardson et al., 2001). 
 Soil physical properties are often measured to determine the effect of soil 
compaction stresses. Measurements of soil porosity, bulk density, water infiltration, 
penetration resistance, and saturated hydraulic conductivity are all used (Murphy and 
Ebdon, 2013). Additionally, techniques measuring nondestructive soil bulk density 
(Gardner, 1986; McNitt and Landschoot, 2001), divot shear strength (Chivers and 
Aldous, 2003; Sherratt et al., 2005), and hardness (Gramckow, 1968; Clegg, 1976; 
ASTM 2000a, 2000b) have been used in traffic research. 
 Surface hardness or firmness tests generally use a process of dropping a projectile 
of a known mass from a set height. An accelerometer measures the deceleration of the 
projectile as it impacts the turfgrass surface (Gramckow, 1968; Clegg, 1976). The peak 
deceleration is used to give a quantitative measurement of the surface hardness. Softer 
surfaces absorb more energy when impacted, so they have lower peak deceleration 
values; the opposite is true of harder surfaces (Murphy and Ebdon, 2013). More recently, 
the USGA has developed a device for measuring surface firmness that was adapted from 
concepts from other instruments called the TruFirm (USGA, 2009). The Clegg Impact 
Soil Tester has been a standard instrument for easily measuring golf course green surface 
firmness, but the TruFirm has been successfully utilized to perform the same task since 
its release (Linde, 2011; Menchyck, 2014). 
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Soil conditions have been shown to affect the growth and health of both above 
and belowground parts of turfgrass. Organic matter concentration plays a critical role in 
turfgrass health. While some organic matter is beneficial, less intensively managed 
turfgrass stands can deteriorate due to high organic matter contents. Studies have shown 
the correlation between organic matter content and a decrease in water infiltration rates 
on sand based putting greens (Glasgow et al., 2005). Through multiple studies in 1998 
and 2004, Carrow (2004a, 2004b) reported that the threshold for surface organic matter 
content was 3-5 g kg-1; beyond that point, there was a loss of macroporsity, less water 
infiltration, greater water retention, and decreased oxygen diffusion. All of these 
conditions are further intensified by traffic, and they leave the turfgrass more susceptible 
to traffic injury.  
 In addition to other soil conditions, nutrient availability also impacts traffic stress. 
On a study performed on supina bluegrass (Poa supina Schrad.), the shear strength was 
higher when N had been applied at 20 and 30 g m-2 yr-1 when compared to 10 g m-2 yr-1 
(Sorochan et al., 2005). In this study, the higher N rate rather than a higher N to 
phosphorus (P) ratio proved more beneficial for traffic stress tolerance.  
References to turfgrass cultivation in order to alleviate the effects of traffic stress 
(mainly compaction) date back to the 1800’s (Beard and Beard, 2005). Compaction was 
combatted by “graiping” (use of manual piercing forks) at St. Andres in Scotland during 
this time, and spiking was documented in the United States in the early 20th century 
(Piper and Oakley, 1923). These cultivation practices have since become more advanced 
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and have been researched in greater detail since they were initially developed. Their 
purpose remains the same, however: reduce or modify the organic matter content of the 
soil (Gibbs et al., 2001; McCarty et al., 2007; Fu et al., 2009), reduce the compaction and 
layering of soil on trafficked turfgrass (Murphy et al., 1993; Wiecko et al., 1993; Murphy 
and Rieke, 1994; Shim and Carrow, 1997), and reinvigorate turfgrass growth (Fu and 
Dernoeden, 2009). 
Another method used to reduce surface organic matter accumulation and the 
associated stress effects is verticutting. Studies have shown that divot resistance of 
turfgrass was increased by monthly verticutting. The study also showed that the surface 
hardness as well as ball rebound increased with the monthly verticutting, leading to the 
conclusion that the adoption of verticutting programs can be useful to manage organic 
matter accumulation as well as to improve surface conditions favoring golf play (Sherratt 
et al., 2005).  
Topdressing is another cultural practice that dilutes and modifies organic matter 
concentrations. Additionally, it can help to protect turfgrass crowns and adventitious 
roots from traffic-related wear (Murphy and Ebdon, 2013). In a study performed by 
Baker and Canaway (1991), it was determined that a sand topdressing program can 
reduce surface water ponding as well as ground cover loss that occurs during wear. In 
another study, Baker and Canaway (1992) found that the playing surface was firmer in 
wet weather with increasing levels of sand topdressing. In 2007, Spring et al. determined 
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that varying rates of sand topdressing proved beneficial over the control of no 
topdressing, but the ideal rate was 8 kg m-1 yr-1. 
Numerous trials to determine species/cultivar tolerance to wear and traffic have 
taken place in the modern era. Shearman and Beard (1975a) determined that there was a 
great degree of variation between turfgrass species in terms of wear tolerances. In more 
recent years, many studies have demonstrated that there are also wear and traffic 
tolerance differences within Agrostis species (Taivalmaa et al., 1998; Bonos et al., 2001; 
Landry and Schlossberg, 2001; Cashel et al., 2005; Samaranayake et al., 2008; 
Dowgiewicz et al., 2011) as well as intraspecific differences within other grass species 
(Murphy and Ebdon, 2013). Evaluating cultivars of a specific species bears a great 
importance since modern wear tolerance improvements that come about through 
conventional breeding as well as through biotechnology occur at the cultivar level 
(Murphy and Ebdon, 2013). 
Turfgrass quality ratings are usually a combination of multiple factors, including 
turfgrass uniformity, color, density, texture, and environmental/pest stresses, into one 
rating. A higher turfgrass density is often related with higher wear tolerance and turfgrass 
quality (Murphy and Ebdon, 2013).  
The relationship between wear treatments and wear tolerance can vary depending 
on the time of year in which the wear is applied (Park et al., 2010). These differences 
may be due to seasonal variations in plant processes and mechanisms associated with 
wear tolerance. To determine broadly adapted cultivars of different species of turfgrasses, 
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further testing across all seasons is needed. These studies would be especially important 
because traffic often occurs when conditions are not ideal for turfgrass growth, such as 
during winter. 
It has been suggested that increased shoot biomass (measured as live shoots per 
unit of area) increases turfgrass wear tolerance/resiliency. Similarly, a study performed 
by Youngner (1961) proposed that a higher shoot density leads to a decreased amount of 
injury from traffic in both warm and cool-season turfgrass. In addition to measuring 
turfgrass live shoots per unit of area, chlorophyll content measurements are a suitable 
method for quantifying wear tolerance; they also have a positive relationship with visual 
ratings of wear tolerance (Shearman and Beard, 1975a). 
Early in the research of turfgrass, it was established that practices that cause 
increased leaf growth rates and subsequent higher leaf tissue succulence and water 
content lower turfgrass wear tolerance (Lunt, 1954). In a study performed by Beard 
(1973), it was determined that the low wear tolerance of grass species in the genus 
Agrostis was due to greater leaf tissue succulence. A few years later, however, a study 
found that shoot water content as well as relative shoot water content did not have a 
significant effect on wear tolerance among seven cool-season turfgrass species 
(Shearman and Beard, 1975b). Leaf tissue that is more wear tolerant maintains a higher 
photosynthetically active leaf surface area following wear, and in turn, this results in a 
greater photosynthetic capacity when compared to tissue considered to be less wear 
tolerant. Indeed, higher amount of green biomass (verdure) and higher photosynthesis 
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levels after wear are correlated with wear tolerance, but the most likely mechanism for 
resistance to physical wear stress is leaf fiber content (Murphy and Ebdon, 2013). Direct 
measurements of chlorophyll content (Shearman and Beard, 1975a) as well as indirect 
measurements of chlorophyll content (using chlorophyll meters and multispectral 
radiometry methods) (Hoffman et al., 2010a) are measures of injury that have a positive 
correlation with wear tolerance. 
There has been no report of a consistent relationship between wear tolerance and 
plant tissue water content. Within seashore paspalum (Paspalum vaginatum) and hybrid 
bermudagrasses (Cynodon spp.), wear tolerance increased with both leaf and stem water 
content (Trenholm et al., 2000). The opposite trend was found in Kentucky bluegrass in a 
study performed by Brosnan et al (2005); wear tolerance was negatively correlated with 
leaf tissue water content. In contrast to the two previously mentioned studies, there was 
no correlation found between wear tolerance and leaf water content in velvet bentgrass 
(Agrostis canina L.) (Dowgiewicz et al., 2011). The higher maintenance of turgor 
pressure in the bermudagrass study was attributed to a higher leaf uptake of K; however, 
a higher K rate does not necessarily contribute to higher wear tolerance (Trenholm et al., 
2000). 
Multiple factors have been attributed to turfgrass wear tolerance, but thorough and 
complete investigations on cultural practices’ influences on wear tolerance are limited. 
Some research has shown that the ideal levels of N and K to achieve maximum wear 
tolerance vary between different grass species. It has been established that N fertilization 
14 
 
increases wear tolerance to a threshold; beyond this level, increased N has a negative 
impact on wear tolerance. Shearman and Beard (1975c) demonstrated that creeping 
bentgrass’s wear tolerance increased as the amount of N increased until a decrease in 
wear tolerance was noted at a level of 720 kg N ha-1 yr-1. The increasing N levels led to 
an increased tissue water content, shoot density, verdure, leaf tensile strength, and total 
cell wall (TCW) content (a factor shown to be related to wear tolerance) (Shearman and 
Beard, 1975c). Though levels differ between grasses, a similar trend of decreased wear 
tolerance past the threshold N level has been demonstrated repeatedly (Canaway, 1985; 
Hoffman et al., 2010a, 2010b; Leyer, 1980). 
K levels and their relationship with wear tolerance have been researched to a 
lesser extent than the relationship between N and wear tolerance. In a study performed by 
Shearman and Beard (1975c), creeping bentgrass wear tolerance rose with higher K 
fertilization levels. The greatest increase in wear tolerance came at the rates of 270-360 
kg K ha-1 yr-1. Their study also showed no relationship between K fertilization and TCW 
content. They also demonstrated that K fertilization also increased the concentration of K 
in leaf tissue, and it increased load-bearing capacity and leaf tensile strength. 
Additionally, K fertilization reduced tissue water content. This and other research led to 
the conclusion that K played a critical role in the improvement of wear tolerance in 
creeping bentgrass (Shearman and Beard, 2002). Other studies, however, have shown 
contradictory trends when performed on other turfgrass species (and selected studies on 
creeping bentgrass). K had little to no effect on Kentucky bluegrass wear tolerance 
(Shearman et al., 2005). Similar trends were seen on seashore paspalum (Trenholm et al., 
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2001) and perennial ryegrass (Hoffman et al., 2010a, 2010b). In 1991, Carroll and 
Petrovic found that K did not influence wear tolerance on Kentucky bluegrass or creeping 
bentgrass. Similar to the trend demonstrated with N alone, the effect of different N/K 
ratios (1:1 and 2:1) on wear tolerance varies between species (Sorochan et al., 2005). 
The level of traffic that turfgrass can endure has a direct relationship with the 
amount of grass cover present (Canaway, 1981). Turfgrass under intense traffic stress can 
result in cells with compromised functions, and it can be difficult to revive the turfgrass if 
the traffic stress continues. The turfgrass’s ability to recover depends on how severe the 
traffic damage is, the growth and vigor of the turfgrass at the time of the traffic damage, 
and the number of growth points at meristems where new growth can form (Beard, 1973). 
Indeed, turfgrass species and cultivars that exhibit greater shoot density as well as wear 
tolerance are associated with shorter recovery periods because of a larger number of 
meristematic growth points for new tissue growth (Trenholm et al., 1999b; Dowgiewicz, 
2009).  Additional studies have shown that higher levels of N can increase shoot density 
and growth, which helps the turfgrass to recover from traffic damage (Hawes and Decker, 
1977; Kohlmeier and Eggins, 1983). In a study performed in the United Kingdom on 
sand-based and native soil root zones, it was determined that the ideal N fertilization rate 
was 170 to 290 kg ha-1 yr-1 to optimize perennial ryegrass recovery from traffic damage, 
depending on the turfgrass age and soil composition (Canaway and Hacker, 1988). 
The role of K in turfgrass recovery from traffic is unclear. Multiple studies have 
shown that K had little or no effect on turfgrass recovery, performance, or wear tolerance, 
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but many of these studies demonstrated increased soil or tissue K levels (Hawes and 
Decker, 1977; Trenholm et al., 2001; Carroll and Petrovic, 1991; Shearman et al., 2005; 
Hoffman et al., 2010a). Hoffman et al. (2010a) did find noteworthy increases in turfgrass 
recovery when K and N were applied at a rate of 245 kg ha-1 yr-1 or greater, but they also 
noted significant injury from wear at the same rates; this suggests that a proper balance of 
N and K is necessary for optimal wear tolerance and recovery. 
Cold Stress 
 Low temperatures do not necessarily cause freezing injury; instead, ice formation 
resulting from low temperatures is responsible.  Intracellular freezing (the formation of 
ice crystals within cells resulting from a rapid temperature drop) is often lethal for cells 
because the ice crystals rupture cellular membranes. As more often is the case, 
temperatures drop more slowly, and ice forms between cells (extracellular freezing). This 
freezing can slow cellular reactions and metabolic processes, but it is not usually lethal 
unless the ice persists for extended periods of time or the ice is manipulated in a manner 
such that the crystals rupture cell membranes (Fry and Huang, 2004); the latter occurs 
when there is traffic on frost-covered turfgrass.  
Visual quality and, ultimately, persistence of turfgrass are both negatively 
impacted by low temperatures. Freezing can further exacerbate the negative impacts on 
turfgrass. The ability of a grass to withstand and tolerate temperatures below freezing is a 
classifying trait that impacts hardiness across a variety of environments (Bertrand et al., 
2013). Freezing tolerance is significantly affected by cold acclimation, a process 
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characterized by a period of exposure to low temperatures that are above freezing, in a 
variety of plant species, including turfgrasses (Bertrand et al., 2013). Thomashow (1999) 
determined that plants experience a wide array of internal molecular changes during 
acclimation that contribute to their ability to withstand or recover from freezing 
temperatures that would have otherwise been lethal.  
Most often in herbaceous plants (including turfgrasses), freezing takes place in the 
extracellular spaces outside the cell (Guy, 2003).  At higher temperatures still below 
freezing, ice nucleation occurs, and as the temperature further decreases, water molecules 
from within the cell migrate to the outside of the cell to the surfaces of ice crystals 
(Pearce, 2001). If conditions are moist, the presence of heterogeneous nucleators triggers 
ice formation. When temperatures below freezing are lower, freezing desiccation can 
occur if the cells become significantly dehydrated. The injuries that result from freezing 
usually occur when there is a breach or break in the cell membrane, causing a 
compromise in the membrane’s functional and structural integrity. This breach also 
causes a loss of compartmentalization of the cell and is measurable as electrolyte (or 
other cell solute) leakage (Bertrand et al., 2013).  
 Typically, grasses reach their freezing point at -1.5 and -2.5◦C, but aerial tissues 
(leaves) generally freeze before tissues below the ground (crowns and roots) since soil 
temperatures are often higher than air temperatures (Pearce and Fuller, 2001).  
 Turfgrasses that are forced to endure winter conditions in cold climates must be 
able to survive other environmental stresses in addition to temperatures below freezing. 
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Indeed, the degree to which these secondary stresses impact the turfgrasses is the 
determining factor in plant survival more so than subfreezing temperatures alone 
(Andrews, 1996). Such stresses include ice and snow cover causing anoxic conditions 
(Andrews, 1996). 
As previously mentioned, cold acclimation is described as the exposure of 
turfgrasses to low temperatures that are still above freezing. This process significantly 
enhances turfgrasses’ ability to tolerate and survive temperatures below freezing. The 
process of cold acclimation takes place through different biochemical and physiological 
changes (Christov et al., 2008; Espevig et al., 2011). Following the incubation at 
temperatures slightly above freezing, exposure to temperatures slightly below freezing is 
needed for perennial, cool-season plants to demonstrate their maximum cold and freezing 
tolerance (Dionne et al., 2001b). Such changes include an increase in the concentration of 
sugars, organic acids, desaturated lipids, soluble proteins, and proline (Patton et al., 
2007). These changes allow for the turfgrass to survive temperatures at or below freezing 
for extended periods of time (Hoffman et al., 2014). Cold acclimation can be subdivided 
into two phases. The first period occurs when temperatures are above freezing (2 to 5◦ C). 
This period is characterized by the accumulation of cryorotective and antifreeze proteins 
(AFPs), carbohydrates, and other compatible solutes. The second phase of cold 
acclimation occurs when temperatures are below freezing (-2 to -5◦ C), and it causes 
additional modifications to the cell, including an increase in the stability of plasma 
membranes and further dehydration of the cell, contributing to an increase in cell stability 
at freezing temperatures (Espevig et al., 2011). 
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A study performed by Hoffman et al. (2010c) quantified the biochemical and 
physiological changes that occurred on perennial ryegrasses during cold acclimation and 
below-freezing temperatures. To assess the grasses’ changes, the researchers measured 
lipid composition, proline levels, leaf photochemical efficiency, and water-soluble 
carbohydrates (WSC). Generally speaking, leaf photochemical efficiency decreased and 
proline levels increased during the cold acclimation period. Additionally, water-soluble 
carbohydrates increased during cold acclimation, and phospholipid classes significantly 
changed; specifically, a freezing tolerant sample demonstrated a higher proportion of 
membrane stabilizing lipids and unsaturated fatty acid compared to the rest of the 
samples (Hoffman et al., 2010c). 
 Active research concerning the identification of genetic and molecular bases of 
cold tolerance acquisition in perennial turfgrass species is taking place (Sandve et al., 
2011). In other studies on cold-tolerant plants, additional biochemical changes have been 
noted; cell membrane lipid composition is altered, and cryoprotective sugars are 
accumulated. Additionally, expression of cold-regulated genes previously identified is 
altered (Sandve et al., 2011). The plant senses low temperatures, sends the signal to 
activate or deactivate cold-regulated genes, and translates these signals into structural and 
biochemical changes that lead to enhanced freezing tolerance at the cellular level 
(Smallwood and Bowles, 2002; Kaur and Gupta, 2005). 
 A critical factor for turfgrasses surviving at extremely low temperatures is the 
regulation of ice crystal formation and growth (Sidebottom et al., 2000). AFPs are 
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attracted to and bond with ice crystals that form in the intercellular space in order to limit 
their growth (Atici and Nalbantoglu, 2003). AFPs take a variety of structural forms and 
have evolved from differing sources (Pudney et al., 2003). In addition to AFPs, 
accumulated carbohydrates in perennial organs of turfgrasses (roots, rhizomes, crowns, 
stolons, and tiller bases) play a critical role in winter survival and cold tolerance (Dionne 
et al., 2001b; Shahba et al., 2003). Fructans play a critical role in cold tolerance as well. 
They are the primary storage form for carbohydrates in grasses (French and Waterhouse, 
1993). Fructans are polymers formed from sucrose by fructosyltransferases. Fructans 
accumulate as reserve carbohydrates available for long-term storage, helping the plant to 
survive extended cold temperatures (Yoshida et al., 1998, 2007). Fructan storage occurs 
in the vacuole of the sheaths of mature leaves as well as the leaf bases of elongating 
leaves in order to aid in leaf regrowth after leaf loss during the growing season; fructan 
storage takes place in plant organs that remain viable in the winter in order to aid in 
regrowth in the spring (Morvan-Bertrand et al., 2001). In addition to their function as 
carbohydrate storage in vacuoles, fructans can help plants avoid abiotic stresses through 
cell membrane stabilization in plants experiencing freeze-related desiccation (Hincha et 
al., 2007). Fructans have a flexible structure that enables them to act as low molecular 
weight sugar compounds. They interact with lipid headgroups to limit molecular motion, 
protecting the membrane from being compromised (Valluru and Van den Ende, 2008). 
 Soluble sugars also play a role in aiding plants in surviving freezing temperatures. 
The soluble sugars raffinose and stachyose serve the dual purpose of being cryoprotectors 
during freezing temperatures as well as reserves for regrowth in the spring. The most 
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common soluble sugar, sucrose, also performs the critical role of being a cryoprotector 
through membrane and protein stabilization, prevention of ice crystals from adhering to 
cellular tissues, and modification of ice crystal formation (Olien, 1984; Olien and Lester, 
1985; Valentovic et al., 2006). Sucrose, raffinose, and stachyose also protect membranes 
from injury resulting from freezing (Hirsh, 1987).  In addition, soluble sugars help to 
protect cell membranes from freezing and desiccation damage through direct interaction 
with polar headgroups of phospholipids in membranes (Livingston et al., 2009). 
 Another factor shown to influence winter hardiness of perennial plants is N 
reserves within the plant. A significant amount of N that is used for regrowth in the 
spring comes from N reserves in the form of specific proteins and free amino acids 
(Volenec et al., 1996). 
 Amino acid levels and concentrations vary with seasons, and their accumulation 
may play a significant role in cold tolerance (Naidu et al., 1991). Indeed, extensive 
research has been performed on the role of proline accumulation in cold and freezing 
tolerance, membrane stabilization, osmotic adjustment, and general stress tolerance 
(Delauney and Verma, 1993; Koster and Lynch, 1992; Santarius, 1992; Wanner and 
Junttila, 1999). On a molecular level, proline plays a role in reactive oxygen species 
(ROS) scavenging, gene induction, and as an N source (Hare et al., 1999). Additional 
studies have shown that other changes in amino acid composition occur as a result of cold 
hardening in perennial plants (Dionne et al., 2001a), but the specific mechanisms behind 
amino acid accumulation and composition changes are not clear. Cold temperatures may 
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influence enzyme activity relating to amino acid synthesis and metabolism, in turn 
causing changes in amino acid concentration, but additional research is required to 
further characterize these processes (Naidu et al., 1991). 
 Protein concentration and composition changes are also closely related to cold 
acclimation, affecting the type and amount of polypeptides synthesized in the plant. 
Many of these proteins play a key role in heat stabilization (Salzman et al., 1996). A 
relationship between the accumulation of heat-stable proteins and freezing tolerance has 
been noted in wheat as well as annual bluegrass (Poa annua L.) (Dionne et al., 2001a; 
Houde et al., 1992). 
 Fertilization practices can affect a turfgrass’s ability to tolerate and survive winter 
temperatures. A balanced fertilizer regiment is essential for optimal growth during the 
growing season, but late-season fertilizer applications can interfere with the cold 
acclimation process in some situations. Excessive fall N applications lowered the freezing 
tolerance of cool-season turfgrasses in a study performed by Welterlen and Watschke 
(1985). A study performed by Goatley et al. (1994) found that fall-applied K did not 
affect the turfgrass color or the levels of cryoprotectant sugars in turfgrass rhizomes, but 
it was not determined if the fertilization influenced cold tolerance in other ways.  
Potassium 
K is an essential element for turfgrass and all plant growth, and it is needed in 
relatively significant amounts (McCarty, 2011). K is obtained from the soil by the roots 
as the K ion. Once in the plant, K is mobile, and deficiency symptoms first appear on 
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lower leaves (Havlin et al., 1999). K plays a critical role in multiple plant functions 
including water status maintenance, assimilate translocation, protein synthesis, energy 
relations, and enzyme activation. K’s specific roles in water relations include cell turgor 
pressure regulation (to avoid wilt) and stomatal opening regulation, thus increasing 
drought tolerance. Additionally, the accumulation of solutes such as K can increase 
cellular osmotic adjustment; this is responsible for guard-cell turgor regulation and 
stomatal aperture. Of the inorganic cellular solutes present in plants, K is present in the 
greatest concentration (59-65% of the total ion concentration) (Jiang and Huang, 2001). 
K is one of the more applied nutrients on putting greens, but little is known 
concerning its effects on wear tolerance (Carroll and Petrovic, 1991), and even less 
literature exists that describes its effect on wear tolerance when traffic is applied on 
turfgrass with a sub-freezing canopy temperature. Limited literature suggests that K 
applications can increase wear tolerance, mainly due to K’s effects on leaf turgidity and 
stomatal control (Kim and Kim, 2012). 
While some research concerning the role of fall-applied N on cool-season 
turfgrass winter health has been performed, additional research needs to be conducted to 
determine the importance of K in turfgrass winter hardiness and health (Bauer et al., 
2012). It is believed that the application timing for fall-applied N is extremely important, 
as the plant must be metabolically active but not allotting photosynthates for shoot 
growth. Net photosynthesis is high due to moderate temperatures, which results in 
decreased respiration and yields high levels of photosynthate due to less consumption 
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from shoot growth. Instead, these products of photosynthesis are used in root, stolon, and 
rhizome development in addition to reserve carbohydrate accumulation, all of which are 
important factors contributing to root growth, spring green-up, and winter hardiness 
(Miller, 1999). Despite the apparent importance of N for cold weather turfgrass health, it 
has been noted that an important internal balance of K and other plant nutrients may play 
a more significant role in cold hardiness determination (Bauer et al., 2012). 
K is responsible for the activation of 60-80 enzymes in plant cells. It is also 
important for the processes of photosynthesis and respiration.  K has also been correlated 
to improvements in wear tolerance and resistance to drought and temperature stresses in 
recent studies (Shearman and Beard, 2002). Plant tissue K levels, load-bearing capacity, 
wear tolerance, and total cell wall content showed linear increases as K application levels 
increased in a study performed by Shearman and Beard (2002). 
Certain inorganic solutes, including K, act as forms of cellular antifreeze. K can 
lower the amount of water in plant cells, which lowers the freezing point of the cell. 
Plants accumulate solutes in the fall to decrease the likelihood of ice formation later in 
the season, so K fertilization can play a critical role in the reduction of winter injuries 
(Fry and Huang, 2004). 
Since the initiation of research on K in plants, it has been determined that luxury 
consumption exists; that is, plants can take up more K at one time than is needed for 
growth or reproduction (Bartholomew and Janssen, 1929). As previously mentioned, 
interactions between K and other nutrients such as N have been studied to a limited 
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degree. Overall K research, however, is limited because the environmental impacts of K 
are less severe when compared to other fertilizer components such as N and P (Frank and 
Guertal, 2013). 
Several studies that explored the relationship between K fertilization and turfgrass 
cold survival have been conducted (Adams and Twersky, 1960; Gilbert and Davis, 1971; 
Keisling et al., 1979; Belesky and Wilkinson, 1983). Several of these studies were 
performed on forage bermudagrasses. Belesky and Wilkinson (1983) found that rhizome 
and total root weights (but not yields) and winter survival rates of ‘Tifton 44’ coastal 
bermudagrass showed a significant increase when K was applied at a rate of 140 kg ha-1 
yr-1. Additionally, ‘Coastal’ bermudagrass winter survival was increased with a higher 
applied ratio of N to K of 448 kg ha-1 yr-1 of N to 224 kg ha-1 yr-1 of K) (Adams and 
Twersky, 1960).  
Winterkill of turfgrasses can be the result of damage from desiccation. This 
suggests that adequate K levels in the plant can assist in the maintenance of an adequate 
water status and in turn, aid in winter hardiness and survival. There is little conclusive 
research in favor or opposition of this hypothesis at this time. 
 Warm-season grasses showed limited improvement in terms of cold tolerance 
with supplemental K fertilization. In a study performed by Goatley et al. (1994) on hybrid 
bermudagrass, K applied late in the growing season (October) at the rates of 0, 4.1, or 8.2 
g m-1 had no effect the color rating or total nonstructural carbohydrate levels. 
Additionally, a study was performed on centipedegrass (Eremochloa ophiuroides 
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(Munro) Hack.] to determine if K had an effect on winterkill. The supplemental August-
applied K did not improve turfgrass quality or shoot density when compared to the 
control treatment (Johnson et al., 1988). 
In contrast to the previously mentioned studies performed on warm-season 
turfgrasses, cool-season turfgrasses showed more improvements in cold tolerance with K 
fertilization. Perennial ryegrass demonstrated an improved cold tolerance with a 
combined N and K treatment of 49-147 kg ha-1 yr-1 and 245-441 kg ha-1 yr-1 respectively 
(Webster and Ebdon, 2005). Additionally, another study performed on perennial ryegrass 
showed that winter hardiness and cold tolerance increased with increased K fertilization 
up to a K rate of 350 kg ha-1 (tested range was 0-650kg ha-1) (Razmjoo and Kaneko, 
1993).  
The belief that K fertilization has the ability to decrease stress from wear and 
traffic has been around since fertilization studies were first initiated. Carroll and Petrovic 
(1991) found that creeping bentgrass and Kentucky bluegrass had no differences in wear 
tolerance or recovery at combinations of two N rates (96 and 192 kg ha-1 yr-1) and various 
K rates (from 0-192 kg ha-1   yr-1). More recently, the effects of combinations of different 
N and K fertilization levels on the wear tolerance of perennial ryegrass have been 
performed. N had notable effects on shoot quality and wear tolerance, but K was not 
correlated with wear tolerance differences (Hoffman et al., 2010a, 2010b). K did speed 
up turfgrass recovery two weeks after treatment when the wear was applied with a 
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differential slip wear machine, but when the wear was applied with a grooming brush, 
wear tolerance decreased with an increasing K rate (Hoffman et al, 2010a).  
K fertilization increases often result in an increase in tissue K levels, but these 
tissue K increases are not necessarily correlated with increased clipping yield, soil K, or 
shoot growth. Indeed, similar studies on different grasses showed varied trends (Ebdon et 
al., 1999; Fitzpatrick and Guillard, 2004; Webster and Ebdon, 2005). However, other 
studies showed more linear relationships. Woods et al. (2006) found that when K was 
applied at varying rates (0, 1, 2, 3, 4, 5, and 6 g m-2 14 d-1) on creeping bentgrass, the soil 
and tissue K levels were directly correlated with the applied rate; despite this, K 
applications did not appear to have a beneficial effect on the turfgrass playability or 
performance (quality, color, and ball rolling were measured) during the peak growing 
season. Other studies have had similar findings; Johnson et al. (2003) found that 
increasing K application rates (0-406 kg ha-1 yr-1) had no statistically significant effect on 
turfgrass quality, and there was just a weak relationship between tissue K levels and K 
fertilization rates. 
Multiple studies have found that there is no relationship between soil and tissue K 
levels (Dest and Guillard, 2001; Johnson et al., 2003; Fitzpatrick and Guillard, 2004; 
Webster and Ebdon, 2005; Woods et al., 2006). This lack of a clear relationship between 
soil and tissue K levels may be because nonexchangeable K resupplied exchangeable and 
soluble forms as solution K activity dropped (Woods et al., 2006).   
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Studies researching K’s interaction with other plant nutrients have been initiated 
since early in the study of turfgrasses as well. Some of the first studies demonstrated that 
calcium or magnesium’s presences can inhibit K uptake (Stanford et al., 1942). This 
inhibition is especially noticeable and problematic in putting greens built on a calcareous 
sand profile (Woods et al., 2006).  
More often evaluated is K’s interaction with other macronutrients (N and P). This 
research is especially relevant concerning N-P-K or N-K fertilizer combinations. When 
the three macronutrients were applied at different rates (N: 50-650 kg ha-1; P: 50-250 kg 
ha-1; K: 50-650 kg ha-1) to form 30 separate ratios, higher N rates showed improved 
turfgrass color, density, and growth (Razmjoo and Kaneko, 1993). Conversely, there was 
not a response to increasing P or K levels. Overall, an N/P/K ratio of 9:1:5 resulted in the 
best growth and winter turfgrass quality (Razmjoo and Kaneko, 1993). 
As alluded to previously, studies performed to observe the interactions between 
N, P, and K often showed that N was the nutrient that had the most noticeable visual 
effects on turfgrass quality and growth. However, as K fertilization levels increased, the 
turfgrass needed less N to reach the best quality rating (Christians et al., 1979). Similar 
interactions between N and K were found in other studies where root and shoot growth 
were highest at the N rate of 9.8 g m-2 mo-1 and K rate of 4.9 g m-2 mo-1 (Trenholm et al., 
1998). 
Additional research concerning the combined and separate effects of P and K on 
creeping bentgrass also exists. Clipping yield was the highest at a relatively low P rate 
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(49 kg ha-1 yr-1) and a moderate K rate (76 kg ha-1 yr-1) (Waddington et al., 1978). In 
another study that examined P and K, creeping bentgrass turfgrass quality increased with 
increasing P rates (Fry et al., 1989). In the same study over the course of five years, K 
applied at three different rates (0, 4, and 8 kg ha-1 mo-1 for five months out of the year) 
had no effect on turfgrass quality, and only the last year demonstrated an interaction 
between P and K that was significant. 
Although some plant nutrient forms are more prone to leaching loss, cations can 
also demonstrate downward movement and loss in sand-based putting greens. 
Preferential flow pathways in soils with smaller particle size (e.g., clays) can also 
encourage increased K leaching (Alfaro et al., 2004). Despite having been evaluated in 
other crops in sand-based root zones (Alfaro et al., 2004), K leaching is relatively 
unstudied on turfgrass. In a study performed by Johnson et al. (2003), it was found 
through incremental depth sampling that K was being leached from the root zone of a 
putting green. In addition, a study performed on St. Augustinegrass [Stenotaphrum 
secundatum (Walt.) Kuntze] using lysimeters found that K lost from surface runoff was 





FALL POTASSIUM FERTILIZATION AND WINTER TRAFFIC EFFECTS ON A 
CREEPING BENTGRASS PUTTING GREEN  
Introduction 
 Creeping bentgrass has been and remains one of the most desirable cool-season 
grasses used as putting greens in the transition zone of the United States. It has 
traditionally provided a superiorly smooth and uniform putting surface due to its year-
round color and fine leaf texture. Even though it is a cool-season turfgrass, its growth 
slows in the winter months, and recovery from damage and stress can be slow. 
Additionally, any grass can be subject to damage when traffic occurs when the turfgrass 
canopy temperatures are below freezing. 
K is an element essential for all plant growth, including turfgrasses, and it is 
needed in fairly large quantities (McCarty, 2011). It plays varying roles within the plant, 
most notably increasing tolerance to certain stresses including temperature and traffic 
stresses (Adams and Twersky, 1960; Belesky and Wilkinson, 1983; Gilbert and Davis, 
1971; Hoffman et al., 2010a; Keisling et al., 1979). Because K can be taken up in excess 
and saved for when external levels drop (Bartholomew and Janssen, 1929), it stands to 
reason that fall applications of K fertilizer may provide a benefit to turfgrasses 
experiencing stress in winter months.  
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 Additionally, a previous study has shown the impact of winter traffic on a frost-
covered creeping bentgrass putting green at 0700 and 0900 HR when the canopy 
temperature was at or below 0◦C (Baldwin et al., 2008), but there is no published data 
documenting the effects of winter traffic on creeping bentgrass with a below-freezing 
canopy temperature at 0800 HR. 
 Since there is a gap in the research characterizing the damage incurred by 
creeping bentgrass when subjected to traffic when the canopy is below freezing, further 
research is warranted. In addition, there is little or no published data characterizing the 
effect of K on winter traffic tolerance, especially when the turfgrass canopy is below 
freezing when the turfgrass incurs traffic. The objectives of this study were to test if fall 
applications of supplemental K fertilizer could minimize or aid in recovery from stress 
exhibited by creeping bentgrass from winter traffic applied in the morning (0800 HR), 
afternoon (1500 HR), or both morning and afternoon by maintaining an acceptable or 
improved turfgrass quality. 
Materials and Methods 
A two year field study was conducted at Clemson University’s experimental 
turfgrass research plots in Clemson, South Carolina from 1 October 2014 through 30 
April 2016 on an established ‘Crenshaw’ creeping bentgrass research putting green that 
was established on a USGA specification 30.5 cm sand-based (85% sand, 15% peat 
moss) root zone over a 10 cm layer of pea gravel (diameters from 6.4-9.5 mm) covering 
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drainage pipes placed in the subgrade with a 4.6 m spacing (USGA Green Section Staff, 
1993).  
The creeping bentgrass green was maintained to golf course standards. It was 
mowed five times per week at a height of 3.2 mm using a walk-behind mower with solid 
rollers. Weed and disease control programs were implemented on a preventative and 
curative basis over the course of the study. Irrigation was applied on an as-needed basis at 
various levels throughout the study period. Standard fertilization (not including 
supplemental K applications utilized for this research) was applied at a rate of 342 kg N 
ha-1 yr-1, 86 kg P ha-1 yr-1, and 171 kg K ha-1 yr-1. 
Individual plots measured 1.07 m by 5.49 m for a total area of 5.85 m2 and were 
arranged in a randomized strip block design with whole plots being the nine treatment 
combinations of K levels and numbers of morning roller passes. The number of afternoon 
roller passes was stripped across the nine treatment combinations in each of the four 
blocks (replications) (Figure A-1). 
Treatments included unrolled plots that received zero passes with a roller in the 
morning, rolled plots that received four passes with a roller in the morning, and rolled 
plots that received eight passes with a roller in the morning. Additionally, treatments 
included unrolled plots that received zero passes with a roller in the afternoon and rolled 
plots that received six passes with a roller in the afternoon. The roller consisted of a 
modified water-filled, push turfgrass roller that weighed 74.84 kg and had a rubber mat 
attached to the drum to simulate evenly distributed foot traffic across the treated areas. 
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The roller had an impact area of 141.94 cm2 and applied a force of 1.34 kg cm-2. The 
roller is pictured in Figure A-2. 
Treatments also included three K application levels: unfertilized (received no 
additional K input), fertilized at a rate of 3.66 g K m-2, and fertilized at a rate of 7.32 g K 
m-2 .  The fertilizer utilized was 0-0-30 Brandt 30K (Brandt Consolidated, Inc.), and the 
fertilizer contained 30% soluble potash (K2O). Fertilizer treatments were applied three 
times over the course of a one month period (to minimize potential for fertilizer burn 
from a single application) each fall to reach the total desired supplemental K rates of 0, 
3.66, and 7.32 g K m-2. K fertilizer application dates for year I of the study included 10 
October 2014; 24 October 2014; and 12 November 2014. Fertilizer application dates for 
year II of the study included 8 October 2015; 22 October 2015; and 5 November 2015. K 
fertilizer applications were made in the late afternoon with a CO2 backpack sprayer and 
were lightly watered in after application. 
Morning traffic treatments were applied at 0800 HR when turfgrass canopy 
temperatures were below freezing (0◦ C). Afternoon traffic treatments were applied at 
1500 HR on the same days that morning traffic treatments were applied.  
There were 19 traffic application days in the year I of the study (Appendix B), 
including: 15 November 2014; 18 November 2014; 11 December 2014; 12 December 
2014; 8 January 2015; 9 January 2015; 11 January 2015; 27 January 2015; 28 January 
2015; 31 January 2015; 3 February 2015; 4 February 2015; 6 February 2015; 13 February 
2015; 15 February 2015; 19 February 2015; 20 February 2015; 28 February 2015; and 7 
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March 2015. There were 18 traffic application days in year II of the study (Appendix B), 
including: 23 November 2015; 4 December 2015; 19 December 2015; 5 January 2016; 6 
January 2016; 11 January 2016; 12 January 2016; 13 January 2016; 19 January 2016; 20 
January 2016; 21 January 2016; 25 January 2016; 9 February 2016; 10 February 2016; 11 
February 2016; 12 February 2016; 13 February 2016; and 27 February 2016. The 
turfgrass canopy and soil temperatures at the time of traffic applications are in Appendix 
B. 
Data Collection 
Turfgrass quality is a visual rating on a 1-9 scale with 9 being perfect turfgrass, 1 
being completely dead turfgrass, and 6 being minimally acceptable quality turfgrass. The 
turfgrass quality was rated on a bimonthly basis. Ratings were made on the 1st and 15th of 
the month beginning on 15 December and continuing through 15 April for each year of 
the study. 
Bimonthly measurements of normalized difference vegetative index (NDVI) were 
taken. NDVI is a unit of measure ranging from -1 to 1 that factors both red and near 
infrared light reflectance from the plant, assessing the level of live green tissue. The 
NDVI readings were acquired with a FieldScout TCM 500 Turf Color Meter (Spectrum 
Technologies, Inc.). Higher NDVI numbers equate to a healthier plant. Three 
measurements were taken per plot and averaged for each reading. Readings were taken 
on the 1st and 15th of the month beginning on 15 December and continuing through 15 
April for each year of the study. 
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Shoot chlorophyll index was measured on a bimonthly basis as well. Readings 
were taken on the 1st and 15th of the month beginning on 15 December and continuing 
through 15 April for each year of the study. Chlorophyll index is a relative unit of 
measure ranging from 0 to 999.  It was measured with a FieldScout CM 1000 
Chlorophyll Meter (Spectrum Technologies, Inc.). Ambient and reflected 700 nm and 
840 nm light was used to calculate the relative chlorophyll index. Higher chlorophyll 
index numbers equated to a healthier plant. Three measurements were taken per plot and 
averaged for each reading.  
Ball roll was measured monthly. Measurements were taken on the 15th of the 
month beginning on 15 December and continuing through 15 April for each year of the 
study. Three golf balls were rolled from both ends of the individual plots, and the 
distances rolled by each ball were averaged for each reading. The balls were rolled from a 
miniature Stimpmeter that measured 45.72 cm in length and was half the length of a 
standard Stimpmeter. 
Turfgrass surface firmness was measured on a monthly basis as well. 
Measurements were taken on the 15th of the month beginning on 15 December and 
continuing through 15 April for each year of the study. Firmness was measured with a 
FieldScout TruFirm Turf Firmness Meter (Spectrum Technologies, Inc.).  The meter 
measured penetration of an internal hammer, so a higher reading equated to a softer 




In addition to ball roll and surface firmness, soil moisture content was taken 
monthly. Measurements were taken on the 15th of the month beginning on 15 December 
and continuing through 15 April for each year of the study.  Soil moisture was measured 
with a FieldScout TDR 200 soil moisture probe (Spectrum Technologies, Inc.). Data 
were taken as volumetric water content as a percentage. 
When all traffic treatments had concluded each year, soil bulk density 
measurements were taken for every plot. Soil bulk density measurements were taken on 
14 March 2015 and 11 March 2016 for years I and II of the study respectively. A 
standard golf course cup cutter was used to obtain a soil sample by removing a cylinder 
of soil underlying the turfgrass surface. The removed soil cylinder’s height was measured 
in 4 locations equally spaced around the perimeter of the soil cylinder’s base (Figure A-
4), and these readings were averaged for the height measurement. The height 
measurement was multiplied by the area of a plane through the cup cutter, which was 
91.52 cm2.  Each individual soil sample was oven-dried and then had the mass measured. 
The mass measurement divided by the volume of the sample gave the bulk density 
measurement. 
Soil organic matter content was also measured. The soil was sampled on 14 
March 2015 and 11 March 2016 for years I and II of the study respectively. The soil 
samples were oven dried before their mass was taken and they were burned in a muffle 
furnace. The mass after burning was measured, and the mass lost during burning 
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determined the organic matter content. From this, an organic matter percentage was 
found. 
 Tissue and soil nutrient analyses were performed both at the commencement of 
the study before treatments were applied as well as after the completion of the treatments 
each year to determine the K content of the creeping bentgrass tissue and soil. The 
preliminary soil and tissue samples were taken on 06 October 2014. The soil samples for 
the soil test at the conclusion of each years’ treatments were taken on 14 March 2015 and 
11 March 2016 for years I and II of the study respectively. The tissue harvests took place 
on 21 April of years I and II of the study. Both the tissue and soil nutrient analyses were 
performed by the Clemson University Agriculture Service Laboratory.  
Data Analysis 
Data analysis was conducted using the Mixed Models procedure in SAS (SAS 
Institute, 2004). Analyses of variance were performed to examine interaction and main 
effects of treatment factors and to determine whether treatment effects were consistent 
across measurement/rating dates. Fisher’s protected LSD (α=0.05) was used to make 
comparisons among treatments. 
Results and Discussion 
 There were no significant treatment by year interactions; therefore, results from 
both years will examined in combination. The level of morning traffic (0, 4, or 8 passes 
with the roller) showed significant differences for turfgrass quality as well as NDVI. The 
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level of afternoon traffic (0 or 6 passes with the roller) showed significant differences for 
chlorophyll content. The level of morning traffic as well showed significant differences 
for surface firmness. A two-factor interaction between levels of morning traffic and 
levels of afternoon traffic occurred for ball rolling speed. No significant interactions 
between K application rates were observed for any of the parameters measured, and no 
significant interactions between any treatments and the other parameters measured (soil 
moisture, soil bulk density, tissue K concentration, soil K concentration, and soil organic 




Visual Turfgrass Quality 
 Significant differences in visual turfgrass quality among levels of morning traffic 
treatments occurred on 15 January, 01 February, 15 February, 01 March, and 15 March 
(Table 3-1). On 15 January, plots that received 0 passes with the roller in the morning had 
the highest turfgrass quality of 6.17; plots that received 4 and 8 passes with the roller in 
the morning had significantly lower turfgrass quality ratings of 5.38 and 5.23 
respectively. The turfgrass qualities of plots that received 4 and 8 passes with the roller in 
the morning were not significantly different. On 01 February, plots that received 0 passes 
with the roller in the morning had the highest turfgrass quality of 5.96; plots that received 
4 and 8 passes with the roller in the morning had significantly lower turfgrass quality 
ratings of 5.08 and 5.00 respectively. Again, the turfgrass qualities of plots that received 
4 and 8 passes with the roller in the morning were not significantly different. On 15 
February, there were significant differences between the three levels of morning traffic; 
plots that received 0 passes with the roller had the highest turfgrass quality of 4.65; plots 
that received 4 passes with the roller had a significantly lower turfgrass quality of 3.60, 
and plots that received 8 passes with the roller had a significantly lower turfgrass quality 
of 3.06. The differences in visual turfgrass quality between plots that received 0, 4 and 8 
passes with the roller in the morning on 15 February 2015 is illustrated in Figure A-3. On 
01 March, the trend was the same as on 15 February; plots that received 0 passes with the 
roller in the morning had the highest turfgrass quality of 5.04; plots that received 4 passes 
with the roller in the morning had a significantly lower turfgrass quality of 4.42, and plots 
that received 8 passes with the roller in the morning had a significantly lower turfgrass 
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quality rating still (4.08). On 15 March, the trend was the same as that on 15 January and 
01 February: plots that received 0 passes with the roller in the morning demonstrated the 
highest turfgrass quality of 5.50; plots that received 4 and 8 passes with the roller in the 
morning had significantly lower turfgrass quality ratings of 4.79 and 4.83 respectively. 
The turfgrass qualities of plots that received 4 and 8 passes with the roller in the morning 
were not significantly different. 
 Generally, the lowest visual turfgrass quality was observed around mid-February 
when the majority of the traffic treatments had taken place. After this time, visual 
turfgrass quality readings gradually rose, although they did not reach acceptable levels 
until 01 April. When the weather warmed to the point where no more traffic treatments 
were applied, there were no significant differences in turfgrass quality ratings. 
 These results are in slight contrast to those results obtained by a study performed 
by Baldwin et al. in 2008. Baldwin et al. found that turfgrass quality showed a decline in 
December and no differences in February as a result of traffic treatments when the 
turfgrass canopy temperature was below freezing. Additionally, that study found that 
traffic at 0900 HR did not pose a significant threat to turfgrass quality when compared to 
traffic at 0800 HR. This study has determined that traffic at 0800 HR still poses a 
significant risk to turfgrass quality when canopy temperatures are below freezing. 
 A study performed by Fitzpatrick and Guillard (2004) found that varied K levels 
had no impact on the turfgrass quality of Kentucky bluegrass, a finding that was mirrored 
in this study on creeping bentgrass (Table C-1). Similarly, Johnson et al. (2003) found no 
41 
 
significant relationship between K levels and turfgrass quality when K was applied at 
rates between 0 and 406 kg ha-1 yr-1. Other studies have also demonstrated that K 
fertilization has had little or no effect on turfgrass growth and appearance (Davis, 1969; 
Waddington et al., 1978; Canaway et al., 1987; Woods et al., 2006). Even when K was 
applied at three rates for a higher total K input than what was utilized in this study (0, 4, 
and 8 kg ha-1 mo-1 for five months), it had no effect on turfgrass quality (Fry et al., 1989).  
Afternoon traffic had no significant impact on turfgrass quality over the course of 


























































































































































































































































































































































































































































Normalized Difference Vegetative Index 
 Similar to turfgrass quality, significant differences in NDVI occurred among 
numbers of morning traffic treatments; these differences occurred on 15 January, 01 
February, 15 February, 01 March, and 15 March (Table 3-2). On 15 January, plots that 
received 0 passes with the roller in the morning had the highest NDVI reading of 0.628; 
plots that received 4 and 8 passes with the roller in the morning had significantly lower 
NDVI readings of 0.573 and 0.567 respectively. The NDVI readings of plots that 
received 4 and 8 passes with the roller in the morning were not significantly different. 
The trend was the same on 01 February. Plots that received 0 passes with the roller in the 
morning had the highest NDVI reading of 0.586; plots that received 4 and 8 passes with 
the roller in the morning had significantly lower NDVI readings of 0.537 and 0.534 
respectively. Again, the NDVI readings of plots that received 4 and 8 passes with the 
roller in the morning were not significantly different. On 15 February, the NDVI readings 
of all three morning traffic levels were significantly different. Plots that received 0 passes 
with the roller in the morning had the highest NDVI reading of 0.556 followed by 0.489 
and 0.470 for plots that received 4 and 8 passes with the roller in the morning 
respectively. On 01 March, plots that received 0 passes with the roller in the morning had 
the highest NDVI reading of 0.562; plots that received 4 and 8 passes with the roller in 
the morning had significantly lower NDVI readings of 0.508 and 0.500 respectively. The 
NDVI readings of plots that received 4 and 8 passes with the roller in the morning were 
not significantly different. On 15 March, plots that received 0 passes with the roller in the 
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morning had the highest NDVI reading of 0.594; plots that received 4 and 8 passes with 
the roller in the morning had significantly lower NDVI readings of 0.575 and 0.572 
respectively. Once again, the NDVI readings of plots that received 4 and 8 passes with 
the roller in the morning were not significantly different.  
Like the other parameters indicative of overall turfgrass health (turfgrass quality 
and chlorophyll content), NDVI readings reached their lowest levels in mid-February 
when the majority of the traffic treatments had occurred; readings then began an 
increasing trend as turfgrass growth increased with warmer temperatures.  
There were no significant differences in NDVI readings among either K 
application levels (Table C-3) or afternoon rolling levels (Table C-4). While only limited 
studies have utilized NDVI to measure turfgrass health in response to traffic or K 
treatments, the trends in NDVI data are supported by those previously cited studies 













































































































































































































































































































































































































































Shoot Chlorophyll Index 
Shoot chlorophyll index was not affected by K treatments (Table C-5) or morning 
traffic treatments (Table C-6) (a finding in contrast to the results of a study performed by 
Baldwin et al. (2008)), but afternoon traffic did have a significant effect on chlorophyll 
content on 01 and 15 April (Table 3-2). On 01 April, plots that received 6 passes with the 
roller in the afternoon had a significantly higher chlorophyll content (316.25) than plots 
that received 0 passes with the roller in the afternoon (306.46). On 15 April, the 
chlorophyll content of 339.61 from plots that received 6 passes with the roller in the 
afternoon was significantly higher than the chlorophyll content of 321.78 from plots that 
received 0 passes with the roller in the afternoon.  
The trend for the chlorophyll content is similar to the trend exhibited in turfgrass 
quality ratings and NDVI readings in that it decreased as more traffic treatments were 
performed, reaching its lowest readings from 01 February to 01 March, before increasing 
to higher levels by April 01. The difference in chlorophyll content due to afternoon traffic 
levels in April may have been coincidental because very few traffic treatments took place 
close to those dates. 
Chlorophyll content showed no significant differences among K levels (Table C-
5) or morning traffic levels (Table C-6). Like NDVI, this trend is supported by previous 
studies that were cited for visual turfgrass quality since visual turfgrass quality, NDVI, 
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Ball Roll  
Ball roll had significant differences among a two-way interaction between 
morning traffic and afternoon traffic levels on 15 January and 15 February (Tables 3-4 
and 3-5). On 15 January and 15 February, ball roll was significantly higher for plots that 
received 0 passes with the roller in the morning and 6 passes with the roller in the 
afternoon (1.85 and 1.95 on 15 January and 15 February respectively) when compared to 
plots that received 0 passes with the roller in the morning and 0 passes with the roller in 
the afternoon (1.71 on both 15 January and 15 February). Additionally on the same two 
dates, ball roll was significantly lower for plots that received 0 passes with the roller in 
the morning and 0 passes with the roller in the afternoon (1.71 on both 15 January and 15 
February) when compared to plots that received either 4 passes with the roller in the 
morning and 0 passes with the roller in the afternoon (1.78 and 1.90 for 15 January and 
15 February respectively) or 8 passes with the roller in the morning and 0 passes with the 
roller in the afternoon (1.84 and 1.93 for 15 January and 15 February respectively).  
Though it may be at the detriment to turfgrass appearance, this coalesces the 
findings of other studies where (though the traffic was not performed in the winter when 
turfgrass canopy temperatures were ever below freezing when any traffic was applied) 
ball roll speed increases with increased traffic (Hartwiger et al., 2001; Jang and Shim, 
2006; McDonald, 2013).  
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Ball roll showed no significant differences among K levels (Table C-8), morning 
traffic levels (Table C-9), or afternoon traffic levels (Table C-10) when analyzed 
singularly. Limited research exists concerning K levels and ball roll, but the findings 
from this study are similar to the results of a study performed by Woods et al. (2006) 





Table 3- 4 
Table 3- 5 
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Soil Volumetric Water Content. 
 K applications (Table C-13), morning traffic (Table C-14), and afternoon traffic 
(Table C15) showed no significant impact on soil volumetric water content. Soil 
volumetric water content readings were slightly lower during the coldest months (January 
and February) where the majority of the traffic treatments took place, but this could be 
attributed to the lower irrigation requirements for the creeping bentgrass during periods 
of slowed growth and lessened evapotranspiration due to cooler temperatures.  
Ebdon et al. (1999) found that turfgrass evapotranspiration rates increased with 
increasing K application when applied in combination with high rates of N and P 
fertilization, leading to a lessened volumetric soil water content, but the opposite trend 
was found when N and P levels were lower (routine levels of N and P). In the case of this 
study, no significant differences in soil volumetric water content between K rates were 
noted. 
There is no published evidence of traffic levels directly affecting soil volumetric 




 Significant differences in surface firmness among morning traffic levels occurred. 
Morning traffic levels caused significant differences in surface firmness on 15 February 
(Table 3-6); the TruFirm reading was the greatest in those plots that received 0 passes 
with the roller in the morning (1.30). The TruFirm reading was significantly lower in 
plots that received 8 passes with the roller in the morning (1.25). The TruFirm reading for 
plots that received 4 passes with the roller in the morning (1.27) was not significantly 
different from the reading for plots that received either 0 or 8 passes with the roller in the 
morning. A higher TruFirm reading equates to a softer turfgrass surface, so the firmer 
surfaces occurred on plots that received higher levels of traffic in the morning. 
There were no significant differences in TruFirm readings among supplemental K 
application rates (Table C-16) or afternoon traffic levels (Table C-17). It has been 
demonstrated a direct relationship occurs between surface firmness and soil volumetric 





Table 3- 6 
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Soil Bulk Density 
 The treatments for this study showed no significant impact on soil bulk density 
(Table C-18, Table C-19, and Table C-20). In a study also performed on a USGA 
specification creeping bentgrass putting green incorporating similar traffic levels, there 
was also no impact on the soil bulk density (Hartwiger et al., 2001). 
Studies have also shown that utilizing rollers golf course greens can impact soil 
bulk density (Carrow, 1980), but the creeping bentgrass green utilized in this study only 
received 19 and 18 traffic treatments in years I and II respectively from a roller with an 
impact of 1.34 kg cm-2 where typical greens rollers have a higher impact. Additionally, 
studies showed that more frequent traffic treatments (12 or 24 times per week for 8 
weeks) impacted soil bulk density, and less frequent traffic treatments did not have a 
significant impact on soil bulk density (Carrow, 1980).  
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Soil Organic Matter Concentration 
 Neither K applications (Table C-21) nor traffic treatments (Table C-22 and Table 
C-23) had a significant impact on soil organic matter concentration. This finding 
corroborated the results found in a study performed by Carrow et al. (1987) where K 
applied at an annual rate of 49, 98, and 196 kg ha−1 had no impact on organic matter 
accumulation. Additionally, these results are supported by a study in which traffic 
treatments performed 0, 1, 4, and 7 times per week did not affect organic matter 
concentration on a USGA specification green (Hartwiger et al., 2001). There is relatively 





Tissue K Concentration 
 The treatments utilized in this study had no significant impact on the tissue K 
concentration of creeping bentgrass (Table C-24, Table C-25, and Table C-26). A study 
performed by Miller (1999) showed that tissue K concentration increased with increasing 
K rates, but some of the application rates utilized (0 to 390 kg ha-1) were much greater 
than those supplemental K rates utilized in this study. In addition, the K applied at higher 
rates by Miller was applied twice per month during the growing season, greatly 
increasing the total K applied. Ebdon et al. (1999), Fitzpatrick and Guillard (2001), 
Webster and Ebdon (2005), and Woods et al. (2006) found similar results from higher K 
levels. Contrarily, Johnson et al. (2003) found no significant relationship between K 
applications and K tissue concentrations. 
 It is important to note that the presence of excess calcium (Ca) in the soil may 
inhibit the uptake of K, and the rootzone of the creeping bentgrass putting green utilized 
in this study did have relatively high Ca concentrations (Appendix E). 
There is no published literature showing the positive or negative influence of 




Soil K Concentration 
Similar to tissue K concentration, the treatments utilized in this study had no 
significant effect on soil K concentration (Table C-27, Table C-28, and Table C-29). 
Although the differences were not significant (p-value=0.0562), soil K concentrations 
were lowest in plots that received no supplemental K and were higher in plots that 
received 3.66 or 7.32 g K m-2. As with tissue K concentration, the study performed by 
Miller (1999) showed that soil K concentration increased with increasing K rates, but the 
application rates were greater and applied more often than those supplemental K rates 
utilized in this study. Woods et al. (2006) showed that K applications correlated with K 
soil concentrations as well.  
Multiple studies have also shown no correlation between tissue and soil K 
concentrations (Dest and Guillard, 2001; Fitzpatrick and Guillard, 2004; Johnson et al., 





 Creeping bentgrass grown in the transition zone is equipped to survive and 
continue growth during the winter months, but various factors may help or harm the 
turfgrass in this time. This study revealed uniform and higher turfgrass quality ratings in 
December through early January as well as in April. Turfgrass quality ratings dropped 
during the colder part of the season, and they dropped even further as the result of 
morning traffic treatments. It can be concluded that as traffic levels at 0800 HR increase 
on mornings when the turfgrass canopy temperature is below 0◦C, the visual quality as 
well as the playability and performance of ‘Crenshaw’ creeping bentgrass will decrease. 
During this colder period where traffic on the turfgrass with a canopy temperature below 
freezing occurred (mainly late January through February), chlorophyll content of the 
turfgrass decreased, but the traffic treatments had no effect on the readings. NDVI 
readings had a direct correlation with turfgrass quality ratings. When there was morning 
traffic (at 4 or 8 passes with the roller) in combination with afternoon traffic (6 passes 
with the roller), ball roll increased, reflecting the wear injury to the turfgrass. Surface 
firmness was affected by afternoon traffic in the month with the most traffic treatments 
(February), but not at any other time. In addition, soil moisture, soil bulk density, soil 
organic matter, soil K concentration, and tissue K concentration were not affected by 
traffic treatments. None of the parameters showed a significant response to K application. 
It is important to note that despite convergent or divergent findings from this study when 
compared to cited research, the vast majority of the cited research was conducted during 
seasons of more vigorous growth, not during the cooler months. 
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In conclusion, winter traffic in the morning at 0800 HR when creeping bentgrass 
canopy temperatures are below 0◦C can be a damaging force, causing a significant 
decrease in the visual turfgrass quality (and subsequent appeal to managers and golfers). 
Injury from winter traffic, however, is not generally long-term, and golf course greens 
should return to acceptable quality levels by the spring months, similar to the conclusions 
drawn by Baldwin et al. (2008). At the supplemental rates of 0, 3.66, 7.33 g m-2 yr-2, fall 
applied K had no effect on creeping bentgrass appearance or health, and it did not 
improve the turfgrass’s winter traffic tolerance, whether the traffic applied in the morning 
or afternoon. 
While supplemental K fertilizer applied in the fall had no measureable effect on 
turfgrass health or tissue/soil K concentrations, a spoon-feeding K fertilization regiment 
throughout the winter when cold and traffic stress occurs could prove to be beneficial to 
the turfgrass. Leaching poses a problem on putting greens constructed on a sand-based 
rootzone, and significant amounts of K could have been lost over the months in which the 
study took place. As mentioned, Ca in the soil could have inhibited K uptake as well.  
Future studies utilizing the same (or higher) total supplemental K fertilization 
rates divided into more applications distributed over the course of the winter could 
produce different results. Additionally, future studies focusing on supplemental complete 
fall fertilization at various ratios instead of only supplemental K could find improvements 
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 Figure A-1. Randomized split block design for ‘Crenshaw’ creeping bentgrass field study 
where A represents a whole plot treatment of 0 g K m-2, B represents a whole plot 
treatment of 3.66 g K m-2, and C represents a whole plot treatment of 7.32 g K m-2; dark 
blue represents 8 passes with the roller in the morning, light blue represents 4 passes with 
the roller in the morning, and white represents no passes with the roller in the morning; 
orange horizontal lines represent 6 passes with the roller in the afternoon and no 
horizontal orange lines represent no passes with the roller in the afternoon. 
Table 3- 7 
A: 0 g K/m2
B: 3.66 g K/m2
C: 7.32 g K/m2
 = 0 passes with roller in morning
 =4 passes with roller in morning
 = 8 passes with roller in morning
 = 6 passes with roller in afternoon
 = 0 passes with roller in afternoon
B   C    B     A    C     A    A     C   B           A    C    A     A   B     C    B     B   C
C    A    A    B    A     C    B    B     C           B    B    B   A    A    C C   C    A
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Figure A-2. Digital photograph illustrating modified water-filled push turfgrass roller that 
weighed 74.84 kg and applied a force of 1.34 kg cm-2 that was used to apply 
traffic treatments on the ‘Crenshaw’ creeping bentgrass research putting 
green.
Table 3- 8 
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Figure A-3. Digital photographs illustrating the accumulated effects of 8 passes with the 
roller in the morning (top left), 4 passes with the roller in the morning (top 
right), and 0 passes with the roller in the morning (bottom) after 15 traffic 
applications on a ‘Crenshaw’ creeping bentgrass research putting green on 









Figure A-4. Digital photograph illustrating the measurement of a soil sample from a 
‘Crenshaw’ creeping bentgrass research putting green for determination of 
soil volume (used in calculation of soil bulk density).









Appendix B. Turfgrass Canopy and Soil Temperatures at the Time of Traffic Treatments 
Date Morning Temperatures (oC) Afternoon Temperatures (oC) 
 Canopy Soil Canopy Soil 
 Year I 
11/15/14 -1.3 2.3 8.9 4.5 
11/18/14 -3.6 1.4 6.6 5.6 
12/11/14 -0.2 2.0 4.1 4.9 
12/12/14 -5.5 1.3 5.5 3.7 
1/8/15 -4.7 1.7 3.7 3.6 
1/9/15 -3.3 1.2 2.5 1.2 
1/11/15 -2.3 0.9 3.2 2.4 
1/27/15 -1.3 10.4 15.1 11.1 
1/28/15 -5.9 0.9 3.1 9.7 
1/31/15 -6.4 1.3 4.1 6.4 
2/3/15 -18.2 2.0 7.7 10.9 
2/4/15 -4.1 1.4 5.7 1.2 
2/6/15 -5.2 1.1 6.8 11.4 
2/13/15 -3.4 1.5 -3.9 0.0 
2/15/15 -3.8 2.0 7.1 11.4 
2/19/15 -5.2 -0.5 8.9 9.8 
2/20/15 -3.0 -1.3 6.3 8.1 
2/28/15 -4.7 0.6 4.7 9.3 
3/7/15 -6.9 0.9 4.2 8.9 
     
 Year II 
11/23/15 -0.4 1.9 12.9 6.9 
12/4/15 -0.6 1.8 9.7 6.4 
12/19/15 -1.5 3.0 15.1 6.2 
1/5/16 -6.2 1.6 8.7 3.3 
1/6/16 -5.4 2.0 10.0 3.9 
1/11/16 -1.9 2.2 8.9 7.0 
1/12/16 -1.1 0.2 15.7 9.0 
1/13/16 -8.2 1.6 13.3 8.1 
1/19/16 -2.7 -2.6 2.2 1.3 
1/20/16 -2.6 0.7 0.3 3.3 
1/21/16 -6.3 0.3 7.6 5.4 
1/25/16 -4.9 0.4 11.1 8.8 
2/9/16 -3.8 0.9 0.9 5.8 
2/10/16 -6.6 1.1 2.2 3.1 
2/11/16 -5.4 -1.8 11.7 6.9 
2/12/16 -3.7 1.2 13.0 7.1 
2/13/16 -6.7 0.8 7.1 5.7 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3- 18 
Table 3- 17 
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Table 3- 20 
Table 3- 19 
75 
 
Table 3- 22 
Table 3- 21 
76 
 
K Rate (g K m
-2
) Dec. 15
† Jan. 15 Feb. 15 Mar. 15
0 13.92 12.25 11.99 14.31
3.66 13.66 11.62 11.68 14.13
7.32 14.09 11.84 11.93 14.08
LSD (α=0.05) NS NS NS NS






Table C-13. 'Crenshaw' creeping bentgrass volumetric soil water 
content in response to three supplemental K application levels.
‡     Soil volumetric water content based on cubic centimeters of 
       water per cubic centimeter of soil.
†     Values followed by the same letter in the same column are 
       not significantly different at α=0.05 using Fisher's 
       protected LSD. NS=not significant at the α=0.05 level.
Table 3- 24 
Table 3- 23 
0 13.83 12.01 11.67 13.83
4 13.70 11.82 11.85 14.11
8 14.14 11.88 12.08 14.58




† Jan. 15 Feb. 15 Mar. 15






‡     Soil volumetric water content based on cubic centimeters of 
       water per cubic centimeter of soil.
Table C-14. 'Crenshaw' creeping bentgrass volumetric soil water 
content in response to three morning traffic levels.
†     Values followed by the same letter in the same column are 
       not significantly different at α=0.05 using Fisher's 



















0 13.38 11.42 11.25 13.50
6 14.40 12.38 12.48 14.84




† Jan. 01 Jan. 15 Feb. 01






‡     Soil volumetric water content based on cubic centimeters of 
       water per cubic centimeter of soil.
†     Values followed by the same letter in the same column are 
       not significantly different at α=0.05 using Fisher's 
       protected LSD. NS=not significant at the α=0.05 level.
Table C-15. 'Crenshaw' creeping bentgrass volumetric soil water 
content in response to two afternoon traffic levels.
Table 3- 25 
Table 3- 26 
K Rate (g K m
-2
) Dec. 15
† Jan. 15 Feb. 15 Mar. 15
0 1.35 1.27 1.27 1.19
3.66 1.39 1.28 1.28 1.20
7.32 1.37 1.28 1.28 1.20
LSD (α=0.05) NS NS NS NS
‡     Surface firmness based on centimeters of penetration by 
       TruFirm hammer; the greater the penetration, the softer the 
       turfgrass surface.
Table C-16. 'Crenshaw' creeping bentgrass surface firmness in 
response to three supplemental K application levels.
†     Values followed by the same letter in the same column are 
       not significantly different at α=0.05 using Fisher's 

















0 1.37 1.30 1.30 1.20
6 1.37 1.26 1.25 1.19




† Jan. 01 Jan. 15 Feb. 01
Surface Firmness (cm)
‡
Table C-17. 'Crenshaw' creeping bentgrass surface firmness in 
response to two afternoon traffic levels.
†     Values followed by the same letter in the same column are 
       not significantly different at α=0.05 using Fisher's 
       protected LSD. NS=not significant at the α=0.05 level.
‡     Surface firmness based on centimeters of penetration by 
       TruFirm hammer; the greater the penetration, the softer the 
       turfgrass surface.
Table 3- 27 





§    Soil sampled and bulk density calculated once 
      per year of study (14 March 2015 and 11 
      March 2016).
‡     Soil bulk density based on grams of soil per 
       cubic centimeter.
Table C-18. 'Crenshaw' creeping bentgrass soil 
bulk density in response to three supplemental K 
application levels.
†     Values followed by the same letter in the 
       same column are not significantly different 
       at α=0.05 using Fisher's protected LSD. 
































Table 3- 30 
Table 3- 29 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































§    Soil sampled and soil K concentration 
      calculated once per year of study (14 March 
      2015 and 11 March 2016).
†     Values followed by the same letter in the 
       same column are not significantly different 
       at α=0.05 using Fisher's protected LSD. 
       NS=not significant at the α=0.05 level.
Table C-29. 'Crenshaw' creeping bentgrass soil K 
concentration in response to two afternoon traffic 
levels.
‡     Soil K level based on amount of K found in 
       dried soil sample extrapolated to milligrams of 














Figure C-30. Digital photographs illustrating the overview of the ‘Crenshaw’ creeping 
bentgrass research putting green plots before any traffic treatments had been 





Table 3- 40 
86 
 
Figure C-31. Digital photograph taken at 0830 HR illustrating the difference in turfgrass 
impact/disturbance between a plot that received 4 passes with the roller in 
the morning (left) and a plot that received 8 passes with the roller in the 
morning (right) on a ‘Crenshaw’ creeping bentgrass research putting green 
on 31 January 2015.  
 









Appendix D. Clemson, SC October 2014 through April 2016 weather data. 
Date Temperature (◦C) 
 Maximum Minimum 
10/1/2014 28.9 17.8 
10/2/2014 30.0 16.7 
10/3/2014 26.1 18.9 
10/4/2014 18.9 10.0 
10/5/2014 20.0 5.0 
10/6/2014 23.9 10.0 
10/7/2014 26.7 15.0 
10/8/2014 30.6 17.2 
10/9/2014 28.9 16.7 
10/10/2014 28.9 17.8 
10/11/2014 28.9 20.6 
10/12/2014 20.6 15.6 
10/13/2014 22.8 15.6 
10/14/2014 22.8 16.7 
10/15/2014 21.7 12.2 
10/16/2014 21.7 12.2 
10/17/2014 25.6 8.9 
10/18/2014 26.1 15.0 
10/19/2014 21.7 8.9 
10/20/2014 22.2 7.8 
10/21/2014 23.9 10.6 
10/22/2014 21.7 7.8 
10/23/2014 22.8 6.7 
10/24/2014 20.6 7.8 
10/25/2014 23.9 10.0 
10/26/2014 30.0 12.8 
10/27/2014 27.2 11.1 
10/28/2014 27.2 12.8 
10/29/2014 22.8 12.8 
10/30/2014 20.0 7.2 
10/31/2014 18.9 7.2 
11/1/2014 12.8 3.9 
11/2/2014 17.2 2.2 
11/3/2014 18.9 0.0 
11/4/2014 21.7 6.1 
11/5/2014 18.9 11.1 
89 
 
Date Temperature (◦C)  
 Maximum Minimum 
11/6/2014 22.8 8.9 
11/7/2014 17.2 6.7 
11/8/2014 15.6 3.9 
11/9/2014 18.9 3.9 
11/10/2014 20.6 6.1 
11/11/2014 22.8 7.2 
11/12/2014 25.6 10.6 
11/13/2014 17.2 7.2 
11/14/2014 8.9 0.6 
11/15/2014 7.8 -2.2 
11/16/2014 12.8 8.9 
11/17/2014 12.8 1.1 
11/18/2014 3.9 -3.3 
11/19/2014 7.8 -6.1 
11/20/2014 16.7 0.0 
11/21/2014 17.8 5.6 
11/22/2014 13.9 1.7 
11/23/2014 12.8 6.7 
11/24/2014 22.8 12.8 
11/25/2014 15.6 10.0 
11/26/2014 15.6 7.8 
11/27/2014 10.6 2.2 
11/28/2014 8.9 -1.1 
11/29/2014 13.9 -1.1 
11/30/2014 18.9 8.9 
12/1/2014 22.2 6.1 
12/2/2014 21.7 8.9 
12/3/2014 17.8 8.9 
12/4/2014 17.2 10.0 
12/5/2014 12.8 10.0 
12/6/2014 12.2 10.0 
12/7/2014 15.6 7.2 
12/8/2014 7.8 3.9 
12/9/2014 12.8 2.8 
12/10/2014 12.8 2.2 
12/11/2014 11.7 -2.2 
12/12/2014 17.2 -1.1 
12/13/2014 18.9 2.2 
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Date Temperature (◦C)  
 Maximum Minimum 
12/14/2014 18.9 0.6 
12/15/2014 17.2 3.9 
12/16/2014 17.2 7.8 
12/17/2014 15.6 3.9 
12/18/2014 13.9 2.8 
12/19/2014 13.9 2.8 
12/20/2014 8.9 5.6 
12/21/2014 11.1 6.7 
12/22/2014 7.8 6.1 
12/23/2014 8.9 5.6 
12/24/2014 12.8 8.9 
12/25/2014 13.9 5.6 
12/26/2014 15.0 1.1 
12/27/2014 17.8 1.7 
12/28/2014 15.6 10.0 
12/29/2014 17.2 12.8 
12/30/2014 12.2 6.1 
12/31/2014 8.9 2.8 
1/1/2015 13.9 -1.1 
1/2/2015 10.0 7.2 
1/3/2015 10.6 8.9 
1/4/2015 17.8 7.8 
1/5/2015 12.8 2.8 
1/6/2015 15.0 0.0 
1/7/2015 6.1 -7.2 
1/8/2015 -1.1 -11.1 
1/9/2015 7.8 -6.1 
1/10/2015 6.7 -4.4 
1/11/2015 6.7 -2.8 
1/12/2015 8.9 3.9 
1/13/2015 8.9 3.9 
1/14/2015 6.1 2.8 
1/15/2015 6.7 3.9 
1/16/2015 13.9 3.9 
1/17/2015 12.8 0.6 
1/18/2015 15.6 3.9 
1/19/2015 18.9 5.6 
1/20/2015 20.6 7.2 
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Date Temperature (◦C)  
 Maximum Minimum 
1/21/2015 20.0 7.2 
1/22/2015 15.0 1.1 
1/23/2015 8.9 3.9 
1/24/2015 12.8 3.9 
1/25/2015 13.9 1.1 
1/26/2015 12.2 1.7 
1/27/2015 10.6 0.6 
1/28/2015 11.1 -1.1 
1/29/2015 12.8 -1.1 
1/30/2015 12.2 2.8 
1/31/2015 11.1 -2.2 
2/1/2015 12.2 3.9 
2/2/2015 13.9 -1.1 
2/3/2015 8.9 -3.3 
2/4/2015 11.7 -1.1 
2/5/2015 13.9 1.1 
2/6/2015 10.0 -4.4 
2/7/2015 18.9 -1.1 
2/8/2015 21.1 6.1 
2/9/2015 15.0 11.1 
2/10/2015 16.7 5.6 
2/11/2015 15.6 0.0 
2/12/2015 12.8 -2.2 
2/13/2015 6.1 -3.3 
2/14/2015 15.0 -1.1 
2/15/2015 5.0 -3.3 
2/16/2015 2.2 -1.1 
2/17/2015 2.2 1.1 
2/18/2015 3.9 -6.1 
2/19/2015 -1.1 -9.4 
2/20/2015 1.1 -10.0 
2/21/2015 5.6 0.0 
2/22/2015 12.8 3.9 
2/23/2015 13.9 5.6 
2/24/2015 5.0 -1.1 
2/25/2015 5.6 0.0 
2/26/2015 6.7 0.6 
2/27/2015 11.7 1.1 
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Date Temperature (◦C)  
 Maximum Minimum 
2/28/2015 8.9 1.7 
3/1/2015 7.8 1.7 
3/2/2015 25.0 6.7 
3/3/2015 13.9 7.8 
3/4/2015 21.7 7.8 
3/5/2015 20.0 3.9 
3/6/2015 10.6 0.6 
3/7/2015 18.9 -1.1 
3/8/2015 22.8 6.1 
3/9/2015 20.6 12.2 
3/10/2015 21.7 12.8 
3/11/2015 25.6 15.0 
3/12/2015 20.6 15.0 
3/13/2015 17.2 7.8 
3/14/2015 18.9 8.9 
3/15/2015 26.1 12.8 
3/16/2015 31.1 7.8 
3/17/2015 28.9 15.6 
3/18/2015 20.0 13.9 
3/19/2015 13.9 7.8 
3/20/2015 21.1 7.8 
3/21/2015 22.2 8.9 
3/22/2015 17.8 12.8 
3/23/2015 21.1 12.2 
3/24/2015 22.8 10.0 
3/25/2015 18.9 12.8 
3/26/2015 22.8 15.0 
3/27/2015 17.8 6.7 
3/28/2015 12.8 2.8 
3/29/2015 13.9 0.0 
3/30/2015 22.8 6.1 
3/31/2015 27.2 7.8 
4/1/2015 26.7 15.6 
4/2/2015 16.7 12.8 
4/3/2015 27.8 13.9 
4/4/2015 22.8 12.2 
4/5/2015 18.9 5.0 
4/6/2015 18.9 11.7 
93 
 
Date Temperature (◦C)  
 Maximum Minimum 
4/7/2015 25.6 15.6 
4/8/2015 30.6 16.1 
4/9/2015 31.1 18.9 
4/10/2015 25.0 20.0 
4/11/2015 26.7 15.6 
4/12/2015 22.8 13.9 
4/13/2015 21.1 17.2 
4/14/2015 27.8 18.9 
4/15/2015 21.7 12.2 
4/16/2015 16.7 10.6 
4/17/2015 20.6 12.8 
4/18/2015 25.0 16.7 
4/19/2015 21.1 18.9 
4/20/2015 22.8 16.1 
4/21/2015 22.8 10.0 
4/22/2015 27.2 7.2 
4/23/2015 25.0 12.2 
4/24/2015 22.8 7.2 
4/25/2015 21.7 12.8 
4/26/2015 27.8 13.9 
4/27/2015 22.8 12.2 
4/28/2015 22.2 10.0 
4/29/2015 18.9 12.8 
4/30/2015 25.6 11.1 
5/1/2015 22.8 8.9 
5/2/2015 25.6 10.0 
5/3/2015 26.7 11.7 
5/4/2015 27.8 13.9 
5/5/2015 27.8 16.7 
5/6/2015 28.9 13.9 
5/7/2015 28.9 15.6 
5/8/2015 31.7 17.8 
5/9/2015 31.1 18.9 
5/10/2015 32.2 18.9 
5/11/2015 32.8 20.6 
5/12/2015 32.8 18.9 
5/13/2015 30.0 17.8 
5/14/2015 26.1 17.2 
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Date Temperature (◦C)  
 Maximum Minimum 
5/15/2015 27.2 20.0 
5/16/2015 30.0 18.9 
5/17/2015 30.0 18.9 
5/18/2015 32.2 21.7 
5/19/2015 32.8 20.0 
5/20/2015 32.8 20.0 
5/21/2015 31.1 17.8 
5/22/2015 27.2 13.9 
5/23/2015 27.8 13.9 
5/24/2015 28.9 15.0 
5/25/2015 28.9 17.2 
5/26/2015 28.9 20.0 
5/27/2015 27.2 18.9 
5/28/2015 30.6 20.0 
5/29/2015 28.9 18.9 
5/30/2015 30.0 18.9 
5/31/2015 30.6 21.1 
6/1/2015 30.0 20.6 
6/2/2015 28.9 18.9 
6/3/2015 27.8 17.2 
6/4/2015 26.1 17.8 
6/5/2015 28.9 17.8 
6/6/2015 32.8 20.0 
6/7/2015 31.7 21.7 
6/8/2015 30.6 20.6 
6/9/2015 31.1 20.6 
6/10/2015 28.9 20.0 
6/11/2015 30.6 21.7 
6/12/2015 31.1 22.2 
6/13/2015 32.8 22.2 
6/14/2015 33.9 22.8 
6/15/2015 35.6 22.8 
6/16/2015 35.6 22.8 
6/17/2015 36.1 23.9 
6/18/2015 36.7 22.8 
6/19/2015 33.9 22.8 
6/20/2015 32.2 23.9 
6/21/2015 35.6 22.8 
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Date Temperature (◦C)  
 Maximum Minimum 
6/22/2015 36.7 22.8 
6/23/2015 36.7 22.8 
6/24/2015 36.1 23.9 
6/25/2015 36.7 22.8 
6/26/2015 36.7 22.2 
6/27/2015 31.1 21.7 
6/28/2015 28.9 18.9 
6/29/2015 30.6 17.8 
6/30/2015 30.6 22.2 
7/1/2015 28.9 21.1 
7/2/2015 28.9 20.6 
7/3/2015 28.9 21.7 
7/4/2015 28.9 22.2 
7/5/2015 27.8 22.2 
7/6/2015 31.1 20.0 
7/7/2015 32.8 21.1 
7/8/2015 33.9 22.8 
7/9/2015 35.0 22.8 
7/10/2015 36.1 21.7 
7/11/2015 35.0 22.8 
7/12/2015 32.8 22.8 
7/13/2015 36.1 23.9 
7/14/2015 30.0 21.1 
7/15/2015 33.9 21.7 
7/16/2015 32.8 22.2 
7/17/2015 35.0 23.9 
7/18/2015 36.1 22.8 
7/19/2015 35.0 22.8 
7/20/2015 35.6 23.9 
7/21/2015 35.0 22.8 
7/22/2015 33.9 22.8 
7/23/2015 32.8 23.9 
7/24/2015 32.2 23.9 
7/25/2015 32.8 22.8 
7/26/2015 33.9 22.8 
7/27/2015 35.6 23.9 
7/28/2015 33.9 23.9 
7/29/2015 35.6 23.9 
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Date Temperature (◦C)  
 Maximum Minimum 
7/30/2015 36.7 23.9 
7/31/2015 33.9 26.1 
8/1/2015 35.6 22.8 
8/2/2015 35.0 20.6 
8/3/2015 36.7 22.2 
8/4/2015 37.8 22.8 
8/5/2015 37.8 23.9 
8/6/2015 32.8 21.7 
8/7/2015 32.2 22.8 
8/8/2015 32.8 22.2 
8/9/2015 32.2 22.8 
8/10/2015 31.7 22.2 
8/11/2015 31.7 21.7 
8/12/2015 32.8 22.8 
8/13/2015 31.1 22.2 
8/14/2015 31.7 22.2 
8/15/2015 32.8 21.1 
8/16/2015 32.2 21.1 
8/17/2015 30.6 21.7 
8/18/2015 28.9 21.7 
8/19/2015 31.1 22.8 
8/20/2015 31.7 22.8 
8/21/2015 32.2 22.2 
8/22/2015 31.7 22.8 
8/23/2015 28.9 20.6 
8/24/2015 32.2 21.7 
8/25/2015 31.7 21.7 
8/26/2015 30.6 20.0 
8/27/2015 30.0 20.0 
8/28/2015 30.0 20.6 
8/29/2015 30.0 18.9 
8/30/2015 26.1 18.9 
8/31/2015 30.0 17.2 
9/1/2015 32.2 20.6 
9/2/2015 32.8 22.2 
9/3/2015 33.9 23.9 
9/4/2015 35.0 22.2 
9/5/2015 31.1 20.6 
97 
 
Date Temperature (◦C)  
 Maximum Minimum 
9/6/2015 31.7 22.2 
9/7/2015 31.1 21.1 
9/8/2015 31.1 22.2 
9/9/2015 26.1 22.8 
9/10/2015 31.1 22.2 
9/11/2015 30.6 21.1 
9/12/2015 25.0 17.2 
9/13/2015 25.6 13.9 
9/14/2015 25.6 11.7 
9/15/2015 27.8 13.9 
9/16/2015 27.2 16.1 
9/17/2015 28.9 16.7 
9/18/2015 30.0 17.2 
9/19/2015 30.0 17.2 
9/20/2015 32.2 20.0 
9/21/2015 27.8 20.6 
9/22/2015 26.1 20.0 
9/23/2015 27.2 18.9 
9/24/2015 23.9 16.1 
9/25/2015 20.6 16.7 
9/26/2015 22.2 18.9 
9/27/2015 21.7 17.8 
9/28/2015 21.7 20.0 
9/29/2015 26.1 22.2 
9/30/2015 30.0 20.6 
10/1/2015 22.2 17.8 
10/2/2015 17.8 15.0 
10/3/2015 17.8 13.9 
10/4/2015 21.7 17.8 
10/5/2015 27.2 17.8 
10/6/2015 25.0 15.0 
10/7/2015 27.2 15.0 
10/8/2015 26.7 15.6 
10/9/2015 27.2 16.7 
10/10/2015 20.0 16.1 
10/11/2015 22.8 15.0 
10/12/2015 25.0 12.8 
10/13/2015 27.8 15.6 
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Date Temperature (◦C)  
 Maximum Minimum 
10/14/2015 26.1 12.8 
10/15/2015 25.6 12.8 
10/16/2015 27.2 11.7 
10/17/2015 22.2 7.2 
10/18/2015 17.8 6.1 
10/19/2015 17.8 5.0 
10/20/2015 20.0 5.6 
10/21/2015 22.8 6.7 
10/22/2015 27.2 8.9 
10/23/2015 27.8 10.6 
10/24/2015 21.7 12.8 
10/25/2015 23.9 15.6 
10/26/2015 18.9 10.0 
10/27/2015 12.8 10.0 
10/28/2015 22.2 12.8 
10/29/2015 22.2 12.8 
10/30/2015 21.1 8.9 
10/31/2015 16.7 10.6 
11/1/2015 20.0 13.9 
11/2/2015 17.8 17.8 
11/3/2015 18.9 16.7 
11/4/2015 18.9 17.2 
11/5/2015 18.9 16.7 
11/6/2015 23.9 17.8 
11/7/2015 21.7 16.7 
11/8/2015 16.1 7.8 
11/9/2015 12.2 7.8 
11/10/2015 13.9 11.7 
11/11/2015 22.2 5.0 
11/12/2015 23.9 10.6 
11/13/2015 20.6 8.9 
11/14/2015 16.7 1.7 
11/15/2015 15.6 2.8 
11/16/2015 17.8 1.7 
11/17/2015 18.9 11.7 
11/18/2015 18.9 10.6 
11/19/2015 23.9 13.9 
11/20/2015 20.0 6.7 
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Date Temperature (◦C)  
 Maximum Minimum 
11/21/2015 15.0 6.7 
11/22/2015 16.1 2.8 
11/23/2015 11.7 -1.1 
11/24/2015 15.0 0.6 
11/25/2015 15.0 2.8 
11/26/2015 18.9 7.8 
11/27/2015 21.1 12.2 
11/28/2015 21.1 12.2 
11/29/2015 18.9 12.8 
11/30/2015 16.7 11.7 
12/1/2015 12.8 10.6 
12/2/2015 16.7 8.9 
12/3/2015 11.7 5.0 
12/4/2015 12.8 0.6 
12/5/2015 15.6 2.8 
12/6/2015 16.1 6.1 
12/7/2015 20.0 5.0 
12/8/2015 17.2 6.7 
12/9/2015 17.2 2.8 
12/10/2015 20.0 7.8 
12/11/2015 21.7 11.7 
12/12/2015 23.9 15.6 
12/13/2015 20.6 11.7 
12/14/2015 20.6 13.9 
12/15/2015 22.8 10.0 
12/16/2015 21.1 8.9 
12/17/2015 15.6 12.8 
12/18/2015 12.8 1.1 
12/19/2015 12.2 -1.1 
12/20/2015 12.2 0.0 
12/21/2015 13.9 6.7 
12/22/2015 16.1 10.6 
12/23/2015 17.8 15.6 
12/24/2015 22.2 17.8 
12/25/2015 21.7 17.2 
12/26/2015 23.9 16.1 
12/27/2015 22.8 18.9 
12/28/2015 22.2 18.9 
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Date Temperature (◦C)  
 Maximum Minimum 
12/29/2015 22.2 13.9 
12/30/2015 17.8 13.9 
12/31/2015 20.0 13.9 
1/1/2016 13.9 7.8 
1/2/2016 11.7 2.8 
1/3/2016 13.9 0.0 
1/4/2016 10.0 0.0 
1/5/2016 6.1 -2.8 
1/6/2016 7.8 -2.8 
1/7/2016 16.1 3.9 
1/8/2016 11.7 7.8 
1/9/2016 12.2 8.9 
1/10/2016 11.7 0.0 
1/11/2016 7.8 -3.3 
1/12/2016 12.2 -1.1 
1/13/2016 11.1 0.0 
1/14/2016 16.7 2.2 
1/15/2016 11.1 2.8 
1/16/2016 16.1 6.7 
1/17/2016 12.8 1.1 
1/18/2016 5.0 -3.9 
1/19/2016 3.9 -7.2 
1/20/2016 3.9 -1.1 
1/21/2016 8.9 0.0 
1/22/2016 3.9 -1.1 
1/23/2016 2.8 -2.2 
1/24/2016 10.6 -3.9 
1/25/2016 12.8 -1.1 
1/26/2016 12.8 1.7 
1/27/2016 13.9 7.8 
1/28/2016 10.6 2.8 
1/29/2016 16.7 3.9 
1/30/2016 15.0 2.8 
1/31/2016 17.8 3.9 
2/1/2016 20.0 12.2 
2/2/2016 15.0 11.7 
2/3/2016 20.0 11.7 
2/4/2016 16.1 7.2 
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Date Temperature (◦C)  
 Maximum Minimum 
2/5/2016 10.6 1.1 
2/6/2016 10.6 0.0 
2/7/2016 13.9 1.7 
2/8/2016 11.7 2.8 
2/9/2016 3.9 -2.2 
2/10/2016 2.2 -4.4 
2/11/2016 12.2 -2.8 
2/12/2016 12.2 1.7 
2/13/2016 8.9 -1.1 
2/14/2016 1.1 -2.8 
2/15/2016 1.1 -2.2 
2/16/2016 15.6 1.1 
2/17/2016 15.0 3.9 
2/18/2016 13.9 0.6 
2/19/2016 15.0 2.8 
2/20/2016 16.7 6.7 
2/21/2016 20.6 12.2 
2/22/2016 20.0 11.7 
2/23/2016 11.1 8.9 
2/24/2016 21.1 6.7 
2/25/2016 10.0 2.8 
2/26/2016 12.8 2.8 
2/27/2016 16.1 0.6 
2/28/2016 20.6 3.9 
2/29/2016 23.9 10.6 
3/1/2016 22.8 7.8 
3/2/2016 12.8 3.9 
3/3/2016 7.8 2.2 
3/4/2016 13.9 2.8 
3/5/2016 15.6 2.8 
3/6/2016 17.8 6.7 
3/7/2016 18.9 5.0 
3/8/2016 22.8 7.8 
3/9/2016 23.9 11.1 
3/10/2016 26.1 13.9 
3/11/2016 27.2 16.7 
3/12/2016 26.7 16.1 
3/13/2016 25.6 17.8 
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Date Temperature (◦C)  
 Maximum Minimum 
3/14/2016 23.9 11.7 
3/15/2016 27.8 12.8 
3/16/2016 30.0 16.1 
3/17/2016 26.7 10.0 
3/18/2016 23.9 12.2 
3/19/2016 23.9 13.9 
3/20/2016 13.9 7.2 
3/21/2016 16.1 3.9 
3/22/2016 20.6 2.8 
3/23/2016 22.8 7.8 
3/24/2016 23.9 12.8 
3/25/2016 23.9 16.1 
3/26/2016 17.8 10.6 
3/27/2016 18.9 15.0 
3/28/2016 26.7 12.8 
3/29/2016 22.2 7.2 
3/30/2016 22.2 7.8 
3/31/2016 21.7 16.1 
4/1/2016 22.2 17.8 
4/2/2016 20.6 13.9 
4/3/2016 21.1 10.0 
4/4/2016 26.1 6.7 
4/5/2016 20.6 11.1 
4/6/2016 16.7 5.0 
4/7/2016 22.2 10.6 
4/8/2016 17.8 8.9 
4/9/2016 17.2 7.8 
4/10/2016 13.9 2.8 
4/11/2016 21.7 7.8 
4/12/2016 23.9 13.9 
4/13/2016 20.0 12.8 
4/14/2016 21.7 12.2 
4/15/2016 21.1 10.6 
4/16/2016 22.2 11.7 
4/17/2016 25.0 8.9 
4/18/2016 28.9 10.0 
4/19/2016 30.6 12.8 
4/20/2016 27.8 16.7 
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Date Temperature (◦C)  
 Maximum Minimum 
4/21/2016 25.6 15.6 
4/22/2016 21.7 16.7 
4/23/2016 26.7 12.8 
4/24/2016 26.7 11.1 
4/25/2016 27.8 13.9 
4/26/2016 28.9 16.7 
4/27/2016 30.6 17.8 
4/28/2016 31.1 18.9 
4/29/2016 31.7 16.7 
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Appendix E. Soil test results for ‘Crenshaw’ creeping bentgrass putting green at the 
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Appendix F. Tissue test results for ‘Crenshaw’ creeping bentgrass putting green at the 
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Appendix G. Soil test results for ‘Crenshaw’ creeping bentgrass putting green individual 
plots after all traffic treatments had concluded for year I (sampled on 14 March 2015) and 









































































































I 1 5.7 7.90 21 36 439 69 4.4 43 2.2 0.3 16 
I 2 5.6 7.95 12 16 260 46 2.5 17 1.4 0.2 11 
I 3 5.8 7.95 8 28 331 50 2.7 9 1.5 0.2 16 
I 4 5.7 7.95 11 23 334 50 3.1 11 1.8 0.2 12 
I 5 6.0 7.95 6 15 269 37 2.8 7 1.3 0.2 10 
I 6 5.9 7.95 5 20 259 35 1.9 5 1.2 0.1 12 
I 7 5.6 7.95 5 12 219 27 2.8 5 1.8 0.1 10 
I 8 5.2 7.90 12 12 257 34 3.8 22 1.7 0.2 12 
I 9 5.8 7.95 7 13 285 37 2.7 9 1.3 0.2 14 
I 10 5.6 7.95 9 17 275 39 3.6 14 1.6 0.2 14 
I 11 5.8 7.95 6 13 224 30 1.8 4 1.2 0.1 10 
I 12 5.6 7.95 8 12 255 34 2.6 8 1.7 0.2 10 
I 13 5.7 7.95 5 7 216 31 2.3 4 1.0 0.1 10 
I 14 5.6 7.95 4 9 199 25 2.0 4 1.1 0.1 11 
I 15 5.9 7.95 6 11 221 33 1.7 6 1.4 0.1 7 
I 16 5.4 7.95 6 11 166 23 1.7 4 1.4 0.1 8 
I 17 5.6 7.95 5 12 229 34 1.8 5 1.2 0.1 10 
I 18 5.7 7.95 9 13 257 33 1.6 8 1.4 0.2 7 
I 19 5.4 7.95 13 35 314 52 2.4 18 1.4 0.2 13 
I 20 5.2 7.90 17 23 297 48 3.2 37 1.7 0.2 7 
I 21 5.5 7.95 14 21 293 39 3.5 22 1.6 0.2 6 
I 22 5.4 7.95 17 24 283 40 3.0 27 1.6 0.2 7 
I 23 5.5 7.95 9 26 253 38 2.5 18 1.6 0.2 8 
I 24 5.4 7.90 13 41 303 59 3.5 34 1.3 0.2 11 
I 25 5.5 7.90 13 28 339 54 4.4 23 3.0 0.2 10 
I 26 5.2 7.90 22 45 339 49 4.7 55 1.8 0.3 8 
I 27 5.3 7.90 15 45 316 49 4.7 85 1.9 0.2 9 
I 28 5.7 7.90 19 54 503 81 7.6 94 2.0 0.3 9 
I 29 6.0 7.95 12 30 357 62 3.6 18 1.5 0.2 11 
I 30 5.5 7.90 15 36 344 58 3.5 31 2.4 0.2 12 
I 31 5.2 7.90 21 42 329 60 4.5 70 2.0 0.3 11 











































































































I 33 5.5 7.90 20 49 473 93 6.5 65 3.7 0.3 13 
I 34 5.6 7.95 20 35 377 66 4.8 43 2.3 0.2 8 
I 35 5.3 7.90 14 38 277 47 2.9 31 1.5 0.2 10 
I 36 5.9 7.90 21 52 656 125 6.3 46 3.0 0.3 12 
I 37 5.5 7.90 18 32 337 58 4.2 30 1.7 0.2 13 
I 38 5.4 7.90 19 45 336 52 8.5 43 1.8 0.2 8 
I 39 5.8 7.90 28 76 705 114 7.0 75 2.5 0.4 29 
I 40 5.8 7.90 16 37 416 66 5.1 38 1.9 0.3 10 
I 41 5.5 7.90 15 28 311 50 4.5 31 2.4 0.3 10 
I 42 5.6 7.90 23 49 389 59 9.9 55 1.9 0.3 7 
I 43 5.3 7.90 24 57 345 53 8.2 34 2.6 0.3 9 
I 44 5.4 7.90 20 50 339 57 3.7 29 1.5 0.2 9 
I 45 5.4 7.95 17 36 338 50 2.7 44 1.8 0.2 8 
I 46 5.9 7.90 21 43 604 121 3.3 62 1.0 0.3 8 
I 47 5.8 7.95 20 44 398 66 5.8 60 2.2 0.3 7 
I 48 5.3 7.90 24 55 348 64 5.0 63 2.0 0.3 8 
I 49 5.2 7.85 17 48 375 69 4.3 60 1.5 0.3 14 
I 50 5.8 7.95 17 34 399 65 4.2 36 2.2 0.3 9 
I 51 5.6 7.90 23 54 488 75 3.6 118 1.2 0.3 10 
I 52 5.3 7.95 21 29 309 49 3.2 44 1.7 0.2 9 
I 53 5.4 7.90 27 103 652 105 6.7 172 1.8 0.3 10 
I 54 5.5 7.90 25 56 366 51 4.2 76 1.5 0.3 8 
I 55 5.5 7.85 33 61 575 87 5.4 141 1.6 0.4 9 
I 56 5.1 7.90 21 43 307 51 6.5 85 1.5 0.3 34 
I 57 5.6 7.90 20 32 432 75 10.5 71 1.5 0.3 9 
I 58 5.1 7.90 25 44 301 45 4.3 102 1.8 0.3 7 
I 59 5.7 7.95 16 31 309 51 2.9 44 1.4 0.3 7 
I 60 5.1 7.90 19 40 272 38 3.3 53 1.5 0.2 5 
I 61 5.3 7.90 19 50 298 44 4.4 66 1.9 0.2 8 
I 62 5.2 7.90 16 29 269 35 3.9 57 2.3 0.2 7 
I 63 5.1 7.90 25 53 303 48 9.2 61 1.6 0.2 10 
I 64 5.3 7.90 25 54 401 63 4.6 118 1.3 0.3 10 
I 65 5.1 7.85 28 37 366 55 4.1 105 1.4 0.3 8 
I 66 5.1 7.90 22 43 320 48 8.2 97 1.8 0.3 8 
I 67 4.9 7.90 21 38 259 42 3.0 41 1.6 0.2 10 
I 68 5.0 7.90 23 43 282 43 3.3 49 1.5 0.2 6 
I 69 5.2 7.90 21 50 344 51 3.8 69 1.6 0.2 8 
I 70 5.1 7.90 26 44 363 54 3.3 93 1.4 0.3 9 










































































































I 72 5.4 7.95 16 14 292 49 3.9 47 2.6 0.2 8 
II 1 6.2 7.95 12 30 438 51 2.8 51 1.6 0.2 8 
II 2 6.2 7.90 10 29 494 61 3.4 61 1.7 0.2 6 
II 3 6.4 7.95 10 34 577 67 3.6 67 1.8 0.3 7 
II 4 6.3 7.90 11 39 572 69 3.8 69 1.7 0.3 7 
II 5 6.2 7.95 12 31 568 82 4.4 82 1.6 0.2 7 
II 6 6.2 7.90 11 32 466 51 3.7 51 1.5 0.2 6 
II 7 5.9 7.95 15 36 427 50 4.6 50 2.2 0.2 7 
II 8 6.3 7.95 6 12 315 30 2.1 30 1.2 0.1 5 
II 9 6.2 7.95 9 24 380 37 2.3 37 1.6 0.2 6 
II 10 6.1 7.90 11 27 446 47 3.7 47 2.1 0.2 6 
II 11 6.3 7.95 10 21 335 32 2.3 32 1.3 0.2 5 
II 12 6.3 7.90 11 30 525 44 3.1 44 1.8 0.2 6 
II 13 6.0 7.95 8 30 373 38 3.0 38 1.7 0.2 6 
II 14 6.1 7.90 9 27 381 36 2.7 36 1.6 0.2 5 
II 15 6.1 7.95 9 18 345 32 1.9 32 1.5 0.2 4 
II 16 6.2 7.90 10 23 440 45 4.4 45 1.7 0.2 7 
II 17 6.1 7.95 9 16 391 38 2.8 38 1.3 0.2 6 
II 18 6.4 7.95 7 21 439 47 3.3 47 2.6 0.2 6 
II 19 6.3 7.95 9 24 421 43 2.9 43 2.7 0.2 4 
II 20 6.6 7.90 9 51 662 89 3.8 89 1.7 0.3 7 
II 21 6.6 7.95 8 25 688 86 3.8 86 1.4 0.3 7 
II 22 6.4 7.90 10 36 567 79 3.9 79 1.7 0.3 7 
II 23 6.4 7.95 11 45 723 91 4.5 91 1.8 0.3 6 
II 24 6.3 7.90 11 33 457 61 3.4 32 1.2 0.2 6 
II 25 6.1 7.95 10 24 422 60 3.6 29 1.8 0.2 7 
II 26 6.5 7.95 7 17 401 45 2.7 12 2.1 0.2 5 
II 27 6.3 7.95 6 15 351 39 1.8 11 1.7 0.2 5 
II 28 6.4 7.90 10 38 722 85 4.4 43 2.6 0.3 5 
II 29 6.5 7.95 9 27 488 48 3.5 18 1.8 0.2 4 
II 30 6.4 7.90 9 28 528 55 2.2 26 1.2 0.2 5 
II 31 6.4 7.95 7 34 513 66 4.3 23 2.0 0.3 6 
II 32 6.2 7.90 13 30 504 68 4.3 39 1.7 0.3 5 
II 33 6.3 7.95 9 28 430 56 3.2 25 2.1 0.2 7 
II 34 6.2 7.90 13 67 808 101 5.4 65 1.9 0.3 6 
II 35 6.2 7.95 7 23 329 37 1.8 13 1.6 0.2 6 
II 36 6.8 7.95 9 26 572 59 4.2 15 1.7 0.2 6 
II 37 6.1 7.95 9 35 489 57 2.4 32 1.5 0.2 8 
II 38 6.3 7.90 10 28 466 63 6.9 24 1.7 0.2 5 
II 39 6.3 8.0 8 17 346 37 2.3 12 1.1 0.2 5 










































































































II 41 5.7 7.95 14 26 335 42 2.7 40 1.9 0.2 5 
II 42 6.0 7.90 13 34 406 43 5.9 30 2.3 0.2 5 
II 43 6.3 7.95 6 14 318 31 3.7 9 1.1 0.2 4 
II 44 6.2 7.95 8 17 388 39 1.9 16 1.8 0.2 6 
II 45 6.5 8.0 4 9 200 22 1.1 7 0.7 0.1 7 
II 46 6.1 7.90 10 26 374 39 1.8 14 1.5 0.2 7 
II 47 6.4 7.95 8 26 413 40 3.5 13 1.9 0.2 5 
II 48 6.0 7.9 9 21 338 41 2.8 25 1.7 0.2 5 
II 49 6.1 7.95 11 25 429 48 3.5 36 2.1 0.2 9 
II 50 6.3 7.95 8 23 330 37 2.5 19 1.4 0.2 8 
II 51 6.3 7.95 7 19 343 34 1.9 9 1.2 0.2 5 
II 52 6.5 7.95 7 13 414 36 1.7 11 1.3 0.2 6 
II 53 6.4 8.0 7 13 372 40 2.1 7 2.0 0.2 5 
II 54 6.2 7.95 9 31 405 38 2.9 16 1.4 0.2 4 
II 55 6.1 7.95 7 24 361 35 2.3 15 1.7 0.2 5 
II 56 6.0 7.90 7 19 292 33 2.2 18 1.5 0.1 5 
II 57 6.2 8.0 7 16 275 32 5.0 14 1.0 0.1 5 
II 58 6.1 7.95 11 31 421 41 3.0 18 1.7 0.2 5 
II 59 6.0 7.95 12 30 398 39 2.2 13 1.4 0.2 4 
II 60 6.2 7.95 112 21 453 45 2.8 16 2.3 0.2 5 
II 61 6.1 7.95 8 27 384 34 1.5 14 1.5 0.2 6 
II 62 6.1 7.95 7 15 342 40 1.9 11 1.6 0.2 6 
II 63 6.2 7.95 12 23 455 47 6.7 16 1.4 0.2 6 
II 64 6.1 7.95 12 22 432 42 3.1 25 1.4 0.2 4 
II 65 6.1 7.95 8 11 375 38 2.7 14 1.6 0.2 6 
II 66 6.2 7.90 11 31 476 50 5.7 28 1.6 0.2 11 
II 67 6.0 7.95 9 19 348 39 1.7 21 1.4 0.2 6 
II 68 6.2 7.95 10 20 386 42 2.6 11 1.4 0.2 4 
II 69 6.0 7.95 8 27 317 29 2.1 8 1.8 0.1 4 
II 70 6.3 7.90 13 23 486 46 2.7 24 1.4 0.2 5 
II 71 6.1 7.95 12 19 432 41 4.3 23 2.2 0.2 5 
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Appendix H. Tissue test results for ‘Crenshaw’ creeping bentgrass putting green 
individual plots after all traffic treatments had concluded for year I (sampled on 21 April 





































































I 1 0.27 1.81 0.50 0.19 0.43 34 19 222 342 171 
I 2 0.28 1.70 2.41 0.41 0.38 31 20 212 344 186 
I 3 0.25 1.64 1.69 0.49 0.35 30 17 221 398 131 
I 4 0.24 1.61 1.56 0.42 0.37 31 17 242 370 132 
I 5 0.27 1.97 0.49 0.17 0.46 33 18 309 150 128 
I 6 0.26 1.80 0.97 0.18 0.39 33 19 339 139 151 
I 7 0.32 1.97 0.60 0.18 0.42 33 21 428 118 175 
I 8 0.29 2.00 0.48 0.20 0.49 37 20 405 135 119 
I 9 0.28 1.77 1.05 0.21 0.42 33 17 272 221 159 
I 10 0.32 1.81 1.62 0.22 0.38 30 19 225 153 171 
I 11 0.27 1.87 0.74 0.19 0.39 33 19 219 139 167 
I 12 0.25 1.86 0.48 0.18 0.41 31 17 226 124 121 
I 13 0.28 1.95 0.73 0.27 0.48 35 19 331 180 101 
I 14 0.28 1.93 0.72 0.27 0.39 32 19 255 162 197 
I 15 0.26 1.87 1.24 0.32 0.44 35 20 279 282 173 
I 16 0.27 1.84 0.60 0.19 0.40 34 19 234 142 156 
I 17 0.27 1.87 0.56 0.21 0.48 37 19 279 114 142 
I 18 0.28 1.70 0.47 0.19 0.42 34 20 272 155 153 
I 19 0.25 1.64 0.63 0.25 0.44 34 19 334 159 156 
I 20 0.27 1.89 0.47 0.18 0.47 38 18 298 113 119 
I 21 0.26 1.69 0.49 0.18 0.44 34 16 273 111 114 
I 22 0.27 1.92 0.53 0.20 0.47 37 20 335 114 144 
I 23 0.28 1.96 0.46 0.20 0.44 34 20 321 114 130 
I 24 0.28 1.92 0.84 0.21 0.47 37 19 316 119 161 
I 25 0.28 1.79 0.48 0.19 0.49 37 20 421 105 148 
I 26 0.28 1.77 0.87 0.22 0.40 34 19 310 133 175 
I 27 0.24 1.67 0.62 0.22 0.40 33 17 326 150 154 
I 28 0.26 1.80 0.84 0.38 0.46 35 17 308 215 322 
I 29 0.27 2.00 0.53 0.19 0.48 34 19 290 116 139 
I 30 0.27 2.00 0.45 0.19 0.47 35 20 317 121 163 
I 31 0.32 1.97 0.49 0.22 0.47 39 22 364 113 158 







































































I 33 0.26 1.70 0.49 0.19 0.48 39 21 359 135 160 
I 34 0.31 1.88 0.50 0.21 0.51 41 24 363 127 169 
I 35 0.28 1.81 0.49 0.21 0.48 39 21 332 116 284 
I 36 0.25 1.69 0.48 0.18 0.45 37 19 312 152 134 
I 37 0.26 1.77 0.79 0.24 0.51 39 20 376 142 129 
I 38 0.29 1.90 0.49 0.21 0.54 51 22 372 127 136 
I 39 0.27 1.80 0.44 0.19 0.49 38 20 335 119 101 
I 40 0.27 1.90 0.47 0.20 0.49 39 21 334 131 158 
I 41 0.27 1.97 0.44 0.18 0.53 42 20 389 106 98 
I 42 0.28 1.94 0.44 0.18 0.54 42 23 468 132 146 
I 43 0.28 2.03 0.44 0.18 0.58 45 22 489 106 108 
I 44 0.26 2.01 0.42 0.18 0.54 40 21 408 134 119 
I 45 0.26 1.90 0.46 0.18 0.51 37 21 392 137 138 
I 46 0.26 1.89 0.40 0.17 0.48 37 21 408 142 102 
I 47 0.30 1.80 0.79 0.19 0.49 43 22 395 126 135 
I 48 0.28 1.62 0.51 0.18 0.43 37 19 385 163 106 
I 49 0.31 1.87 0.47 0.18 0.49 38 20 412 99 113 
I 50 0.30 1.78 0.47 0.19 0.51 41 23 461 97 134 
I 51 0.25 1.57 0.54 0.16 0.45 36 20 359 122 132 
I 52 0.25 1.82 0.50 0.19 0.45 36 19 319 118 118 
I 53 0.24 1.61 0.46 0.17 0.48 38 21 332 108 139 
I 54 0.27 1.81 0.59 0.23 0.52 44 22 364 148 115 
I 55 0.29 1.67 0.57 0.20 0.50 40 23 417 131 140 
I 56 0.29 1.86 0.49 0.19 0.48 39 20 415 117 137 
I 57 0.27 1.75 0.50 0.18 0.46 43 20 382 99 146 
I 58 0.28 1.80 0.44 0.18 0.50 42 25 401 119 136 
I 59 0.24 1.74 0.96 0.31 0.48 40 22 377 242 162 
I 60 0.23 1.73 0.52 0.16 0.48 38 22 308 114 133 
I 61 0.23 1.66 0.42 0.16 0.46 36 19 384 127 114 
I 62 0.27 1.81 0.45 0.17 0.50 39 21 421 115 111 
I 63 0.29 1.68 0.71 0.29 0.45 44 21 369 187 109 
I 64 0.28 1.72 0.50 0.18 0.47 37 20 378 122 105 
I 65 0.29 1.83 0.52 0.18 0.56 44 23 467 110 125 
I 66 0.30 1.92 0.85 0.34 0.54 45 24 450 188 119 
I 67 0.26 1.66 0.49 0.18 0.54 46 22 423 102 101 
I 68 0.25 1.73 0.49 0.18 0.50 40 22 344 110 117 
I 69 0.24 1.48 0.55 0.17 0.41 37 20 316 156 117 
I 70 0.28 1.69 0.53 0.18 0.49 37 23 331 107 105 







































































I 72 0.29 1.69 0.56 0.18 0.54 44 24 428 170 155 
II 1 0.21 0.84 0.61 0.14 0.24 491 21 255 2042 86 
II 2 0.25 1.48 0.45 0.16 0.26 184 22 113 442 68 
II 3 0.26 1.59 0.49 0.17 0.27 166 21 94 303 65 
II 4 0.25 1.52 0.54 0.15 0.28 215 24 113 193 89 
II 5 0.26 1.44 0.49 0.17 0.28 220 25 104 154 71 
II 6 0.27 1.51 0.55 0.17 0.29 209 23 138 139 66 
II 7 0.29 1.47 0.51 0.17 0.31 207 23 158 302 70 
II 8 0.18 0.58 0.44 0.09 0.25 125 23 204 462 69 
II 9 0.26 0.93 0.46 0.14 0.27 156 19 178 251 64 
II 10 0.27 1.38 0.58 0.19 0.31 215 23 161 145 78 
II 11 0.26 1.48 0.53 0.18 0.28 154 19 101 158 60 
II 12 0.24 1.48 0.51 0.16 0.30 177 20 91 109 68 
II 13 0.26 1.56 0.53 0.18 0.34 242 25 116 128 88 
II 14 0.29 1.43 0.59 0.18 0.32 197 22 173 296 92 
II 15 0.29 1.56 0.56 0.19 0.31 224 23 160 126 82 
II 16 0.25 1.29 0.51 0.16 0.27 170 20 164 131 103 
II 17 0.26 1.32 0.57 0.18 0.28 214 23 166 142 91 
II 18 0.28 1.46 0.60 0.19 0.32 257 25 149 175 81 
II 19 0.27 1.39 0.54 0.17 0.26 196 21 150 125 79 
II 20 0.29 1.48 0.56 0.16 0.32 237 23 117 174 147 
II 21 0.25 1.41 0.54 0.17 0.29 228 23 77 153 76 
II 22 0.30 1.37 0.56 0.18 0.29 161 21 144 118 59 
II 23 0.29 1.32 0.62 0.19 0.31 255 27 189 224 83 
II 24 0.28 1.39 0.54 0.18 0.30 178 21 149 106 79 
II 25 0.30 1.42 0.59 0.19 0.30 207 23 169 148 85 
II 26 0.29 1.46 0.59 0.19 0.31 241 24 158 151 76 
II 27 0.28 1.362 0.58 0.18 0.29 189 22 128 235 96 
II 28 0.26 1.39 0.54 0.18 0.29 226 24 98 172 73 
II 29 0.23 1.33 0.51 0.15 0.27 230 25 140 277 83 
II 30 0.24 1.37 0.61 0.20 0.31 231 43 125 318 77 
II 31 0.27 1.34 0.66 0.21 0.36 265 24 196 149 85 
II 32 0.26 1.36 0.59 0.18 0.30 224 23 163 185 130 
II 33 0.24 1.57 0.54 0.16 0.35 230 26 123 140 98 
II 34 0.25 1.61 0.51 0.16 0.33 184 21 133 108 72 
II 35 0.24 1.56 0.51 0.16 0.33 192 22 134 133 68 
II 36 0.25 1.56 0.52 0.15 0.33 258 26 129 128 110 
II 37 0.28 1.57 0.61 0.18 0.34 431 46 152 263 110 
II 38 0.23 1.53 0.49 0.16 0.27 296 29 86 140 88 
II 39 0.27 1.59 0.52 0.16 0.35 278 28 160 114 83 







































































II 41 0.28 1.42 0.55 0.16 0.30 256 25 193 135 139 
II 42 0.32 1.43 0.58 0.18 0.31 273 28 224 179 102 
II 43 0.28 1.35 0.58 0.18 0.30 233 24 129 156 92 
II 44 0.23 1.52 0.51 0.16 0.30 342 30 116 154 83 
II 45 0.24 1.51 0.63 0.19 0.28 297 30 112 176 87 
II 46 0.28 1.58 0.65 0.18 0.36 256 26 138 163 101 
II 47 0.23 1.10 0.53 0.15 0.23 218 23 156 158 100 
II 48 0.22 1.23 0.58 0.17 0.28 218 25 137 152 118 
II 49 0.25 1.28 0.53 0.16 0.28 190 22 134 132 101 
II 50 0.28 1.40 0.67 0.19 0.32 280 27 175 162 117 
II 51 0.25 1.19 0.67 0.16 0.26 236 24 157 210 109 
II 52 0.20 1.21 0.48 0.16 0.23 318 23 112 186 81 
II 53 0.24 1.39 0.56 0.17 0.29 348 31 130 188 105 
II 54 0.26 1.19 0.63 0.18 0.27 300 28 131 260 116 
II 55 0.26 1.16 0.66 0.19 0.27 300 28 208 174 138 
II 56 0.22 1.35 0.56 0.16 0.27 230 24 141 140 101 
II 57 0.21 1.30 0.60 0.16 0.29 273 25 147 160 122 
II 58 0.25 1.34 0.60 0.19 0.30 381 32 178 186 110 
II 59 0.27 1.41 0.60 0.19 0.31 326 28 147 149 96 
II 60 0.20 1.24 0.48 0.15 0.24 245 25 151 456 90 
II 61 0.24 1.34 0.58 0.17 0.26 249 25 148 157 76 
II 62 0.29 1.43 0.60 0.20 0.33 343 36 144 206 96 
II 63 0.24 1.27 0.64 0.18 0.28 310 29 153 154 123 
II 64 0.26 1.55 0.50 0.14 0.33 241 26 124 128 99 
II 65 0.25 1.35 0.68 0.16 0.32 225 25 139 165 137 
II 66 0.22 1.22 0.65 0.16 0.23 210 22 142 145 124 
II 67 0.26 1.11 0.59 0.17 0.27 247 26 170 270 146 
II 68 0.24 1.49 0.57 0.16 0.29 327 31 134 149 109 
II 69 0.20 1.19 0.51 0.13 0.26 282 24 92 230 116 
II 70 0.19 1.08 0.58 0.16 0.24 176 24 101 137 156 
II 71 0.20 1.07 0.64 0.15 0.25 201 21 118 219 120 
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